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Abstract
We study inventory planning and network design in the context of service parts logistics.
Inventory planning involves the stocking of inventory within a company's storage and
distribution infrastructure, typically consisting of a central warehouse and field stocking
locations (FSL), to satisfy customer demands. Network design involves making
infrastructure decisions, such as the location and size of warehouses and FSLs. The
objective of this research is to optimize the inventory planning and network design
functions. However, the operating environment of service parts logistics presents many
challenges, in particular, high demand uncertainty, obsolescence risks, and a very large
number of parts. These challenges are exacerbated for third party logistics providers
(3PL), that is, companies that specialize in, and perform certain logistics functions for
other companies, because they have to handle many customer accounts. Our research is
motivated by the study of the operations of a 3PL providing service parts logistics
services, and we present models and algorithms that tackle these operational challenges.
The contributions of the thesis are: 1) a perspective and method for facility network
design for service parts logistics, 2) in-depth part characteristics analysis, which studies
the effect of a part's attributes (e.g., cost, weight, and failure rate) on its optimal
inventory stocking plan, and 3) a modular approach to inventory planning, where certain
decision-making components are decoupled to gain flexibility and scalability in our
models.
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Spare parts are ubiquitous in many commercial and consumer industries, in which
products range from computers and automobiles to industrial machines. Spare parts often
provide cost economical means of extending the life of an expensive purchase through
scheduled maintenance and repairs, which can be in the form of a service contract
bundled with the purchase of the product or procured separately from either the seller or
another third party. The service contract specifies the terms of the coverage, for example,
response time guarantees, price structures, service provider failure penalties, etc. The
response time guarantee usually depends on the criticality to the customer's operations of
a failed product using the spare part. It can range from very critical medical and
industrial equipment where minutes of delay could cost a life or incur expensive
downtime, to less critical needs for casual users of equipment (e.g., a second car, leisure
fishing boat) in which repairs could wait for days or weeks. In the most time sensitive
cases, customers typically stock spare parts in their own facilities; otherwise, they would
request response time guarantees of two hours, four hours, or next day, and so forth.
We refer readers to Cohen's extensive coverage of the service parts industry in terms
of current industrial practices and trends in service logistics operations for computer
products (Cohen et. al. [4]). Companies providing after-sales service typically use multi-
echelon distribution networks (see Figure 1), consisting of different tiers of distribution
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centers (DC) and local field stocking locations (FSL), to deliver parts to a geographically
dispersed customer base.
Central DC
Regional DC I Regional DC 21
FSL1 FSL2 FSL3 FSL4 SL 5 FSL 6
Figure 1. Multi-Echelon Distribution Network.
The echelon structure allows for quick responses in delivery from the local echelons to
the customers, and designated replenishments (as represented by arrows in Figure 1) from
the upper to lower stocking echelons. The FSLs tend to be smaller than the DCs because
they serve a smaller range of demands, and are usually located near cities where building
a large warehouse is cost prohibitive. Muckstadt and Thomas ([25]) show that multi-
echelon systems inherently perform better than single location models for spare parts. In
Cohen's survey ([4]), the majority of companies can achieve high fill-rates within 24
hours, but only a few offer quicker responses of 2 hours. Trucking is the predominant
mode of replenishment to the lower echelons. However, companies have recently tapped
into the competitive air shipment market for regular or quicker emergency
replenishments between the stocking locations, and regular customer deliveries, because
of the shorter lead times and wider coverage range, which allows for greater
centralization of inventory and substantial inventory savings.
Customers tend to be demanding and sensitive to the ability of the service providers
to satisfy their response time obligations, and most companies cannot afford the potential
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loss of goodwill from recurring bad service; hence, fulfilling service levels is the crux of
the service parts business. The goal then is to stock the right parts at the right places, and
deliver the parts at the right time to the customers in a cost effective and resource
efficient manner. This is the purpose of Service Parts Planning (SPP), which involves the
efficient management of procurement, storage, distribution, and delivery of spare parts,
with the purpose of satisfying customers' contractual service obligations effectively.
Both Wang ([33]), and Alfredsson and Verridjt ([1]) provided comprehensive reviews
of the SPP literature, and the former delved into detailed discussions of a few previously
studied models. Most notably, early SPP literature has focused on determining optimal
stocking levels for multi-echelon systems with stochastic demand, starting from
Sherbrooke's approximate METRIC model ([29]). Simon ([32]), Kruse ([20]), and
Shanker ([27]) extended the METRIC model by offering an exact solution approach.
Muckstadt and Thomas ([25]) incorporated into METRIC emergency supplier
replenishments, which are faster replenishments between the supplier and DC, and from
DC to FSL. Graves ([17]) used a different modeling approach from the METRIC model
for the distribution of net inventory level to achieve improved results. Axsater ([2])
compared his model with Lee's ([22]), with both models incorporating lateral
transshipments (the process of either fulfilling a customer order from another FSL not
previously assigned to the customer, or replenishing stock within the same echelon level
instead of the regular upper to lower echelon replenishments). Dada ([13]) studied
emergency supplier replenishments and lateral transshipments using Markov analysis.
Approximate methods were deployed because model size grows exponentially with
problem size, and exact analysis is quickly rendered computationally intractable.
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Alfredsson and Verridjt ([1]) reinforced the importance of these emergency shipments in
SPP through their less restrictive model, which had the same modeling approach as
Dada's ([13]). Graves ([18]) also formulated a new modeling approach using virtual
allocation of upper echelon inventory (i.e., stock at an upper echelon is reserved as
demand occurs at a lower echelon) and fixed replenishment schedules. A series of
publications by Cohen, Kleindorfer, and Lee ([8], [9], [10], and [11]) led to the
development of Optimizer ([7]), a multi-echelon service parts system implemented for
IBM's spare parts logistics operations. The Optimizer employed a combination of
heuristics, decomposition techniques, and regression.
The SPP literature mentioned so far has treated the locations of DCs and FSLs in the
distribution network as fixed. Shen ([28]), however, took a joint inventory and location
approach to modeling the distribution of blood platelets in blood bank operations. His
work capitalized on the seminal work by Eppen ([16]), which quantified the inventory
savings from risk pooling. Risk pooling is essentially the reduction of variability by
aggregating demand together, because individual demand patterns tend to negate each
other; hence, less safety stock is required to guard against uncertainties in demand. We
further elaborate the concept of risk pooling in chapter 3. The reader is referred to
Daskin ([14]) for an excellent coverage of facility location models.
1.2 Industry Characteristics and Challenges
Towards the end of the 2 1st century, businesses in the U.S. have ventured beyond
traditional requirements of low cost and high product quality, and started to devote
increasing attention to customer satisfaction, as a means of retaining existing customers
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and attracting new ones. Because the deal is not entirely done at the time of sale,
companies can further increase customer satisfaction using excellent post-sales support,
and foster customer intimacy through personalized and attentive service. Thus, post-sale
services can be leveraged as competitive advantages and help establish brand loyalty
([15]). Some companies, like Dell and Saturn ([5]), have successfully positioned their
excellent customer support services as value-added services, to create niche markets for
customers who demand not only a good product, but also comprehensive and responsive
customer service (e.g., 24hr response guarantees, quick turnaround times, flexible service
hours, etc.). Customers often include the quality and past experiences of post-sales
service as a determining factor in making future purchasing decisions. Its positive impact
on boosting sales from returning and new customers is reflected by the fact that service
parts management has provided a significant revenue stream for many companies.
According to an industry survey, service parts revenues constitutes up to 30% of sales
([4]) and accounts for up to 30-40% of profits in some cases. Running a robust SPP
system, however, is not easy due to the following industry characteristics:
1) Obsolescence
Managing obsolescence cost is perhaps the biggest challenge in SPP. Most parts
eventually become obsolete, which often creates a dilemma, in which companies have
to decide whether to discontinue stocking these parts at the expense of not providing
support for the remaining installations. Such SKUs are expensive to maintain as they
tie up capital, warehouse space, and planning resources. Moreover, they usually end
up scrapped, returned to the manufacturer, or sold at deep discounts to the remaining
customers. Short product lifecycles have exacerbated the obsolescence predicament
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as more SKUs become obsolete quicker, as reflected by the fact that obsolescence,
scrap, and shrinkage account for, on average, almost a fifth of operating costs ([4]).
2) Cost-service tradeoff
As in many industries, the tradeoff between cost and service level is also intrinsic to
SPP. More inventory stock and greater infrastructure investment generates higher
levels of service. On the other hand, service failures are risked by stocking too little
inventory and stretching resources too thinly. The goal is to balance inventory
investment and service levels provided, in alignment with the company's strategy.
Companies need to understand these tradeoffs well, so that they can determine an
efficient frontier of the cost-service tradeoff curve, and exercise better judgment on
where to position themselves on it.
3) "Just-in-case" mentality
Hoarding spare parts is the manifestation of the "just-in-case" mentality. While it is
necessary to build up safety stocks to account for unexpected failures, many
companies have excessively inflated safety stocks. With effective SPP, inventory can
be minimized and customer service obligations met simultaneously. A challenge,
however, is to convince planners to maintain an appropriate stocking policy, and not
be misguided by the need to satisfy a sense of security with excessive safety stock.
4) High demand and supply uncertainty
The demand for spare parts is usually triggered by equipment failure, which is highly
unpredictable. Although some manufacturers specify expected Mean Time Between
Failures (MTBF), they provide only rough guidelines and are subject to differing
operational uses and treatment. The exponential behavior of equipment failures
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means that the equipment could fail anytime with a certain probability depending on
its failure rate; hence, resulting in high demand variability. Accurate forecasts are
difficult to obtain, if not, impossible. Safety stocks are the instinctive answer to
demand uncertainty, and the greater the demand variability, the more safety stock
required to achieve the same level of service. Unlike some production or assembly
operations where demand is steady enough to implement Just-In-Time (JIT) systems
to minimize inventory, the sporadic nature of demand for spare parts makes
significant inventory outlays intrinsic in service parts operations. Therefore,
inventory assets could represent as much as 50% of typical service parts operations
costs ([21]).
5) Stock Keeping Unit (SKU) proliferation
The number of SKUs has increased exponentially because of greater product
complexity and broader offerings. This situation is especially evident in the high tech
industry (e.g., electronics, computers, etc.) where innovation-based competition has
triggered frequent new product offerings and driven product lifecycles down to an
average of 18 months. In an industry survey, companies on average, stock close to
100,000 parts each ([4]). The SKU count can easily run into the millions for third
party logistics providers (3PL), that is, companies that specialize in and perform
certain logistics functions (e.g., transportation, warehousing, inventory management)
for other companies. The vast number of SKUs greatly increases the operational and
planning complexity in SPP, because every SKU must be tracked and planned. In
addition, the numerous parts and their design complexities complicates technician
training, even within their respective specialized fields.
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To alleviate the problem of SKU proliferation, many companies have taken
integrative approaches in their design process. This has resulted in modularization,
which is the design of products with standard part interfaces that allows a component
or group of components to be easily removed and replaced, whether for faulty or
upgrade reasons. Modularization allows for quick repairs by field technicians, as they
can better trace the malfunction to a specific module, and need only replace it with a
working one. Products are also designed with part commonality considerations to
reduce the number of SKUs, and to allow part sharing across products. By sharing
more components and aggregating common part demand across product lines,
demand variance is reduced, which makes inventory planning and high service levels
more manageable and achievable. Despite efforts of modularization and common
parts, nevertheless, we still encounter the problem of an escalating number of SKUs.
6) Lack of advanced SPP tools and techniques
In the past, SPP has not gotten as much attention in academia and industry as
manufacturing. Existing SPP systems revolve around spreadsheets, rules of thumbs,
and borrowed techniques from production (e.g., MRP, ABC analysis, EOQ, etc.),
which may not be optimal in the service parts context. The limited knowledge and its
application is an obstacle to effective SPP. In recent years, we have seen some
software vendors (e.g., i2 Technologies and Servigistics) providing comprehensive
SPP solutions. These cutting edge software systems perform inventory planning,
event monitoring, exception alerting and handling, budget optimization, scheduling,
and so forth. Network design capabilities have so far been simplistic, and deal with
20
the positioning of FSLs to satisfy the response time constraints of its installation base,
without inventory positioning and delivery cost considerations.
7) Outsourcing of service parts services
There is a growing trend to outsource warehousing and transportation of service parts
operations through 3PLs, which have greater logistical expertise and advantage of
economies of scale and scope. This is especially relevant to companies with
customers scattered around the continent. Because demand could arise from almost
any state, servicing critical parts (e.g., 2 hrs response time) necessitates stocking spare
parts in FSLs in the nearby vicinity of every installation that has such a service
contract. Such huge infrastructure outlay is prohibitive to most companies, except for
the larger companies.
Contract manufacturers like Solectron have extended their product offerings by
providing SPP for its customers. This is especially applicable to small companies that
want to focus on their competitive advantage (e.g., technology innovation), and/or do
not have the expertise and scale to implement their own SPP systems.
Nonetheless, because good SPP involves fostering relationships with the clientele,
training technicians, understanding product design, and many other functions,
outsourcing itself is a challenge as 3PLs and clients have to share information and
work very closely on the partnership.
Despite the challenging business environment, recent advances in information
technology and warehouse management have made real-time parts visibility achievable,
which is critical for successful service parts fulfillment and planning. The speed and
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reliability of package delivery systems have also improved remarkably in recent years.
Thus, now we are in a better position to build an effective SPP system.
1.3 Framework for Service Parts Planning
It is useful to study SPP from a functional perspective by breaking it down into a few
components. The primary components in a SPP system are: forecasting, network design,
inventory optimization, and fulfillment. As seen in Figure 2, these components are part
of the business workflow, and are each performed at varying frequency because of the
differing granularity of decisions made.
Time Horizon
Days Weeks Months
Figure 2. Service Parts Planning Components.
Decisions can range from the execution level where we decide which technician to
dispatch immediately to resolve a customer problem, to the planning level where we
decide how big a new FSL to build to meet projected demand in the next few years. The





natural departmental boundaries in an organization. We delve into the details of each
component in the subsequent sections.
1.3.1 Forecasting
The forecasting step uses collected order history data, together with manufacturer's
specifications, installation base, etc., to determine demand characteristics. Forecasts are
never exact, but are essential to planning. However, we can setup safety stocks to
safeguard against uncertainties. In Chapter 3, we discuss how forecasting plays a critical
role in detennining safety stock levels. Nevertheless, a good set of input data and
reasonably accurate forecasts are important. There are numerous forecasting techniques
available ([24]), and ultimately, we need to derive demand characteristics for each part at
a reasonably level of certainty. We can factor part commonality relationships, Mean
Time Between Failure (MTBF) rates, and product lifecycles to derive better forecasts.
Continuous feedback loops to update forecasts based on recent activity (e.g., order spikes,
external reasons) are also effective. Because various forecasting techniques work better
under certain kind of demand pattern, we can apply multiple forecasting techniques best
suited to the varying characteristics of each part demand. We refer readers to Robeson
([26]) for an excellent coverage on the principles of forecasts, and developing and
applying a system for forecasting.
1.3.2 Network Design
Performed less regularly, the network design phase uses forecasted demand data to make
long-term infrastructure and distribution decisions, such as where to locate FSLs, how big
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FSLs should be, echelon structure, and replenishment systems. These decisions should
be aligned with the corporate strategy and result in lower operating costs (transportation,
warehouse, inventory, etc.) and achieve predetermined service levels. This is because the
day-to-day fulfillment and inventory optimization process depend on the network
structure. While the network structure cannot be changed very often, it should be
reviewed occasionally to accommodate changes in demand patterns, customer accounts,
and so forth. Nevertheless, leases have introduced greater flexibility in network designs,
which allow the network to evolve more rapidly to changing operating conditions.
The primary cost drivers are inventory, warehouse, and transportation costs. In
general, inventory costs, risk-pooling benefits, and warehouse costs motivate
consolidation, while transportation costs and service obligations create deconsolidation
incentives. The goal then is to find the best network structure to provide sufficient
flexibility and expansibility to serve existing and potential customers.
1.3.3 Inventory Optimization
In this process, we have to make cost effective inventory positioning decisions to best
meet demand, subject to capacity constraints and service level obligations. Thus, given
the demand characteristics and network structure from the forecasting and network
design phase respectively, we can apply optimization techniques to find the optimal
inventory position plan. Inventory optimization should be performed regularly to account
for changes in accounts, parts, etc. The varying criticality of spare parts, customer
service requirements, and transportation cost structure necessitates a different stocking
and distribution strategy for each part.
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1.3.4 Fulfillment
Fulfillment involves the day-to-day timely delivery of service parts to customers. We
refer readers to a case study on the field service operations at IBM ([23]) for a good
overview of the operational issues, including communication capabilities and information
support. Fulfillment is primarily resources and infrastructure-driven, because it depends
on the echelon structure (where FSLs are located and how big) determined during the
network design phase, and the inventory stocking plan determined in the inventory
optimization process. Available flight routes, inventory levels, field stocking locations
(FSL), available technicians, etc. are all fixed. Thus, given these constraints, we have to
decide how best to get the spare part from the FSL to the customer. Decisions to make
include: from which FSL to pull the part, on which flight to send the part, to which
technician to assign the job, the service time window, etc. Unless we have a centralized
system, these decisions are most likely made by call center representatives. Some
optimization is possible, but time and resource constraints restrict the freedom and
available options to fulfill a delivery. Thus, decisions tend to be driven by business rules
that are synchronized with prior inventory optimization and network design assumptions.
For example, if we have already assigned customers to specific FSLs and allow only
parts to be expedited from the central warehouse in stock out situations, then we do not
want to compromise the inventory position at other locations by laterally transshipping
the part from a neighboring FSL.
Real-time information on part availability, flight routes, technician staffing levels,
part tracking, etc. is essential to making informed decisions. The key is to provide the
25
necessary information to the appropriate people and equip them with the necessary
decision-making tool or rules of thumb to facilitate timely deliveries.
1.3.5 Summary of SPP components
In this section, we have discussed the key elements of each SPP component (fulfillment,
forecasting, network design, and inventory optimization). Although each component
performs a different function, SPP's overall effectiveness depends not only on the well-
run operation of the individual components, but also the integration and workflow
between components.
1.4 Research Objective
In this research, we investigate inventory optimization and facility network design
models for service parts. Existing service parts literature, as previously mentioned, has
primarily focused on inventory planning, and treated the facility network as given. Little
attention has been paid to the impact of strategic facility networks on a company's ability
to satisfy customer service obligations effectively and efficiently. While fulfilling service
is critical in the service parts industry, companies have to adopt cost cutting measures
continuously to improve their profitability. Facility network design presents cost saving
opportunities by allowing companies to improve their distribution and stocking strategy.
Specifically, companies can optimize the: 1) location and size of warehouses, 2)
allocation of inventory among capacitated warehouses, and 3) service area assignments.
Cost components include transportation, warehouse, and inventory holding costs.
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Thus, the research objective is to use operations research techniques to model and
optimize inventory planning and facility networks for service parts. In addition to the
challenges in SPP previously mentioned, there are other challenges that arise from
mathematical modeling approaches. For example, the scale of service parts operations,
which typically deal with hundreds of thousands of parts, pose a significant
computational challenge; hence, we need to investigate large-scale computational
methods and model aggregation techniques to overcome this challenge. Another
challenge is the dependency between inventory policy and facility network decisions.
The inventory policy depends on the structure of the facility network, while the design of
the facility network depends on the choice of inventory stocking policy, which drives
capacity requirements at the warehouse. Moreover, inventory models are typically
stochastic, which makes incorporating them in deterministic facility network models
particularly prohibitive. Therefore, we investigate simplified methods or models and
simplifying assumptions that solve the problem without degrading solution quality
excessively.
1.5 Contribution
There are three main contributions of this research:
1) A perspective and method for facility network design in the context of SPP
In existing spare parts planning literature, the stocking points are usually given and have
customers pre-assigned to them. Thus, the demand points are the local service centers
and warehouses. The goal then is to establish target stock levels to fulfill service level
obligations. Instead, we study network design, in which the warehouse location and size
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are decisions. Sourcing decisions at the FSL-customer level have to be made because it
depends on our choice of warehouse location. Factors like demand patterns, fixed and
variable warehouse costs, inventory, and transportation costs all affect the network
structure.
2) In-depth part characteristic analysis
We investigate the impact of part characteristics (e.g., cost, weight, failure rate) on the
optimal distribution strategy. Existing spare parts planning literature tend to focus
primarily on the criticality, failure rate, and replenishment lead times in determining the
appropriate stocking policies.
3) Modular approach
This research presents another inventory planning approach by separating certain
inventory planning decisions. We separate the decisions on how much aggregate
inventory to stock throughout the system, and how to allocate this aggregate inventory
among the FSLs and central warehouse. This flexibility allows planners to focus on and
apply their expertise to different aspects of the problem independently. For example, the
planner dealing with how much inventory to stock throughout the system would be
concerned more about the product lifecycle, industry trends, part failure rates, and
aggregate demand; on the other hand, the planner working on the inventory allocation
would have to take into account operational elements such as storage and transportation
costs, FSL capacity, etc. This decoupling approach also allows us to gain tractability in
our models. Nevertheless, we show in the next chapter that this approach remains
effective for the overnight segment.
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1.6 Outline of the Thesis
In Chapter 2, we define the problem, explain our motivation, and provide a qualitative
overview of the key elements of our solution. Next, in Chapter 3, we discuss the
forecasting and safety stock elements of SPP. In Chapter 4, we introduce two models,
one is the Uncapacitated Single SKU (USS), and the other is the Capacitated Fixed
Charge Multi-SKU (CFCM). In Chapters 5 and 6, we present the concept, apply the
relevant model to data provided by a 3PL, and analyze the results for our inventory
optimization and facility network processes respectively. Finally, in Chapter 7, we
provide conclusions and future research directions.
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Chapter 2
2.0 Problem Statement and Solution Overview
2.1 Problem Definition and Scope
As previously discussed, there are many aspects to SPP. An integrative approach that
attempts to optimize across all functions of SPP would inevitably be complex; however,
by focusing on certain service segments (e.g., 2hr, 4hr, and 24hrs), part characteristics
(e.g., low or high volume demand, stable or sporadic demand), and functions of SPP, we
can achieve good and tractable solutions. In this research, we address inventory
optimization and facility network design for the overnight delivery segment, in which
customers require spare parts to be delivered within 24 hours. Specifically, we optimize
and answer the following questions:
- What parts and quantity should be stocked at each FSL and central warehouse?
- Where should FSLs be located?
- How big should each FSL be?
- From which FSL should customers in a region be served?
- What kind of distribution strategy (e.g., centralized, decentralized) should be
adopted?
We develop mathematical models, and evaluate them with data provided from a 3PL.
Our analysis of the model output provides us with insights into the 3PL's optimal
distribution strategy. However, these insights are somewhat limited because parts of the
data have been altered for reasons of confidentiality and lack of access. The data,
nonetheless, is still fairly representative of a typical 3PL's operations. In addition, the
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research objective is to develop models and validate them, and not to perform exhaustive
analysis of data and model output, nor consult for the 3PL. Although simple sensitivity
analyses are used in this research, they serve to validate the model rather than to represent
actual business scenarios. It is left to the 3PL to setup the necessary data parameters and
business cases to extract further insights from the models.
2.2 Motivation
This research is motivated from the study of a 3PL's SPP operations. The 3PL currently
provides warehousing and transportation services to its clients, but does not undertake
inventory ownership and planning responsibility. An illustration of its operating
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Figure 3. 3PL SPP Workflow Diagram.
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When a customer calls the client's call center for a repair or maintenance request, the call
center representative attempts to diagnose the problem, and subsequently checks for the
availability of spare parts (where it is the 3PL's responsibility to furnish real-time
inventory information to its client) and technicians to perform on-site repairs. If the spare
parts are available, the representative usually decides from which FSL to procure the part,
the mode of delivery (e.g., next day, courier), and which technician to assign the job. The
3PL's role is to deliver the part from its warehouses to either a local FSL for the
technician to pick up or directly to the customer location. The client makes inventory
stocking decisions, and the 3PL provides the necessary warehouse space and storage
handling. The 3PL essentially fulfills the roles of transportation and warehousing for its
clients.
While it focuses on the execution and delivery of spare parts, the 3PL has been
assessing the potential upsides and its capability to become a one-stop provider of SPP
solutions by offering parts planning services. As a 3PL with many client accounts, the
number of SKUs involved easily reaches the millions, and the installation base is widely
dispersed across thousands of cities. Thus, an important aspect of its SPP solution is
scalability. The 3PL should also be able to accurately and quickly quote clients a price
for its services, because without an effective tool to assess the impact of adding a new
client on its network and distribution operations, the 3PL may run into risks of price
misquotes, delivery failures, and future contract changes.
We specifically look at the overnight segment for the following reasons:
1) Constitutes significant portion of delivery volume
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Except for the more urgent needs, the overnight delivery can fulfill most customer
needs economically. From the survey of companies studied by Cohen et al. ([4]),
70% of them could provide fill-rates of 95% for service responses within 24
hours, while only two companies could provide high fill-rates consistently for its
2-hour service. The overnight segment constitutes slightly more than half its
delivery volume for the 3PL; hence it should be a big driver for warehouse
location and space requirements.
2) Allows greater freedom in network decisions
Compared to the quicker response services (e.g., 2 and 4 hours), we can exercise
greater freedom in network design and inventory positioning for the overnight
segment because of less binding time constraints. The quicker services tend to be
installation base driven (i.e., we have to stock inventory within certain distance
ranges of customers to guarantee response), and companies can usually charge
high premiums for such strict service guarantees. On the other hand, we can
provide overnight delivery for almost every city pair in the continental U.S. Thus,
inventory stock could be strategically centralized if necessary. With the high
reliability of package shipment services, high service performance for overnight
delivery is assured, and one of the remaining key competitive differentiators is
cost. The network should be optimized to ensure the lowest operating costs.
3) Reduces complexity
Recent academic literature has incorporated risk pooling through lateral
transshipments in their models. Risk pooling groups are setup whereby nearby
FSLs are grouped together, and they share inventory. Thus, if a customer requests
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a part from a FSL that does not have the particular part in stock, a neighboring
FSL in the same risk pooling group as the former FSL, can satisfy the demand if it
has stock and can deliver the part to the customer in time. The models, however,
tend to be complex and not scalable for the 3PL's size of operations. In the
overnight segment, however, we only have one risk pooling group because a part
stocked at any FSL can satisfy demand anywhere in the continent. With this
simplification, we gain tractability in our model.
Although we have based our research from a 3PL viewpoint, it is equally applicable to
companies doing SPP in-house. The degree of aggregation applied varies depending on
its scale of operations and availability of computational bandwidth.
2.3 Solution Approach
Formulating inventory optimization and network design models for spare parts is not a
trivial task because of the stochastic nature of customer demands and risk pooling,
multiple replenishment modes (e.g., lateral transshipments and emergency
replenishments) in the distribution echelon, and other complexities. The crux of our
models is in the realization of a single risk pooling group in the overnight delivery
segment of spare parts, which allows us to separate certain inventory planning decisions
to simplify our models. We also deploy techniques like aggregation and part
segmentation in a deterministic modeling framework to tackle the large scale nature of
the problem. In the following sections, we highlight the various elements of our solution
approach.
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2.3.1 Single Pooling Group
Because overnight deliveries to any customer location from any FSL is feasible for the
3PL, lateral transshipments are possible; hence, we can define a single pooling group,
which mimics a centralized distribution system, where all customer orders are fulfilled
from a single bank of inventory. This inventory is determined from all aggregated
customer installation demands, and is the minimum total inventory level required to
satisfy service level obligations across all customers. After determining the minimum
inventory, the next objective is to allocate the total safety stock to the FSLs such that
inventory holding, transportation, and warehouse costs are minimized. Additional
inventory investment can be made if it results in lower total costs, but we are already
guaranteed to satisfy service level obligations with the minimum inventory level. This
approach is optimal in the overnight segment because we are adopting a total cost
approach. The following graph on cost tradeoff curves between centralized and
decentralized systems illustrates the point:
Costs
Warehouse




Figure 4. Cost Tradeoff Curves.
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The total inventory investment increases when we decentralize. As we elaborate in
the next chapter, Eppen ([16]) shows that this is because of the pooling of demands and it
has a square-root-like behavior. Essentially, safety stocks are positively correlated to the
variability of demand, and demand variability is higher in the decentralized than
centralized systems. Warehouse cost is also higher for the decentralized system because
of economies of scale and disparity in land costs, especially near metropolitan areas. On
the other hand, transportation costs are lower in the decentralized case because cheaper
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Figure 5. Transportation Replenishment and Fulfillment Structure.
In most cases, the cost to ship a part overnight from the central warehouse directly to a
customer is more expensive than the option of using a slower and cheaper replenishment
mode (e.g., ground trucking) to ship the part to a local FSL, with the final overnight
delivery to the customer via a shorter distance.
Therefore, our approach to determine the minimum inventory level for the single pooling
group positions us with the lowest inventory cost possible in a centralized system. We
can further optimize the inventory allocation among the FSLs based on inventory
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holding, transportation, and warehousing costs. We allow for additional inventory
investments if they result in lower total costs through better inventory placements.
Therefore, by decoupling the total safety stock and allocation decisions in this fashion,
we are guaranteed to fulfill service level requirements with the least safety stock, and yet
be globally cost optimal.
2.3.2 Part Characteristics Segmentation
Because parts of varying characteristics (e.g., cost, weight, failure rate) exhibit different
cost structures, their distribution strategy inevitably vary from part to part. A thorough
understanding of the tradeoffs involved in these inventory optimization decisions is
critical. These inventory optimization models are the building blocks of the facility
network design model, in which we take a holistic approach to determine the necessary
capacity and locations of FSLs.
2.3.3 Aggregation
We also gain tractability in our models by aggregation. We need to strike a fine balance
between aggregation and tractability because we tend to sacrifice solution quality by too
much aggregation, and sacrifice solution time performance by too little aggregation. The
presence of numerous SKUs suggests that an aggregation among SKUs of similar
characteristics is useful. We aggregate parts along three characteristics: failure rate, part
cost, and part weight, to form generic SKUs. Each part falls into a generic SKU group
depending on its characteristics. We also use geographic aggregation to reduce the model
size and solution times. Thus, instead of modeling cities and specific FSL locations, we
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aggregate demand and FSL capacities at the state level. This level of detail is sufficient
given that we are operating at the overnight level where time is less constraining, and
discrepancies between using state-to-state versus zipcode level transportation cost are
small enough. In addition, network design tends to focus on the aggregate volumes and
capacities instead of the specific and detailed aspects of day-to-day operations.
2.3.4 Deterministic Models
While the academic literature has focused on stochastic models, our emphasis on network
design motivates the use of deterministic models, which drastically reduces complexity
and allows us to gain solution tractability. This is because deterministic models provide a
more natural form of modeling binary decisions (e.g., whether to open an FSL), and
certain operations research techniques allows us to solve large scale problems more
effectively. Despite the lack of stochastic elements in our models, we show that our
models are relevant to the circumstances of the 3PL under study, and capture sufficient
detail to generate inventory stocking plans and insights into facility network design.
2.3.5 Data Driven Model
Another key feature of our solution approach is that the models are data-driven. This
flexibility allows what-if scenario analysis to be performed, such that the impacts of
changes in the demand or network structure (e.g., location and size of FSLs) can be
assessed easily. This is particularly useful to the 3PL, because customer accounts grow
and change rapidly, and we have to find the optimal or the necessary incremental changes
to the distribution network.
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Chapter 3
3.0 Demand Forecasting and Safety Stock
3.1 Overview
The purpose of forecasting is to predict future demand patterns, a key data input to
inventory planning. Because there is variability in our demand forecasts, we establish
safety stocks to protect ourselves from bigger and/or more frequent orders than expected.
It is cost prohibitive to stock excessive safety stock, yet we need enough to satisfy
customer service levels. Safety stocks are also necessary to protect ourselves from
supply delays and volatility. We need to hold less safety stock when we have a reliable
and rapid supply of parts. Safety stock is intrinsic to the spare parts industry because the
demand for spares is sporadic, and supply lead times tend to be long and uncertain.
We refer readers to Makridaki ([24]) for a wealth of forecasting techniques, and
Hillier ([19]) for coverage of inventory policies. Because the choice of forecasting
technique and inventory policy could be subjective and vary depending on part
characteristics, there is no single best combination of forecast technique and inventory
policy. Thus, instead of enumerating the various forecasting techniques and inventory
policies, we provide guidelines on the factors that one needs to consider in generating
good forecasts and safety stock levels in the service parts industry. We first discuss
forecasting techniques, introduce the important concept of risk pooling, elaborate on




The demand pattern can be characterized by order arrival times and sizes. Though we
cannot predict the exact moment of order arrival and size, forecasts are necessary as a
baseline for planning. Good forecasts and planning help reduce obsolescence and
unwanted inventory investments, and ensure that service obligations can be met cost
effectively. Future demand patterns can be predicted empirically, theoretically, or both.
Empirical methods require historical data for each particular SKU or another SKU of
similar characteristics. The latter applies especially for new products where no historical
demand data exists, and David ([30]) shows that analytical methods could be more
favorable than pure estimates. Methods range from simple moving averages to
exponential smoothing ([24]). The common theme in these empirical methods is the
continuous update of forecasts as new data becomes available. On the other hand,
theoretical methods involve understanding the product's failure characteristics and sizing
the installation base. Manufacturers sometimes provide Mean Time Between Failure
(MTBF) specifications for components, and from renewal theory, we can derive failure
distributions for the product and components. Ironically, MTBF statistics are usually
determined from empirical tests. The volume of demand is proportional to the existing
number of installations. Such data, however, is often not available. In such cases,
product lifecycle analysis can be useful. For example, there is usually a point where
supporting almost obsolete equipment is more costly than upgrading it. There are also
many other factors that can affect demand like product usage behavior, seasonality and
climate effects, and so forth.
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It is sometimes useful to express demand patterns with statistical distributions. The
distributions provide us with the range of number of failures and associated probabilities,
for a given time frame. The Poisson distribution is most commonly used in the spare
parts industry. It is an approximation to the Binomial distribution:
f(x)="CxA(1 ; - )"-x (3.1)
where f(x) is the probability density function (PDF) for the number of failures, x, with
total number of samples, n, and failure rate, k. For large values of n, however, the
combination function, "Cx, gets increasingly computationally expensive. The Poisson
distribution is an approximation to the Binomial distribution for small values of p, which
applies to the spare parts industry where failures are infrequent. The PDF for the Poisson
distribution is as follows:
f = X (3.2)
X!
The sporadic nature of spare parts demand is the biggest challenge to forecasting. There
is no correct forecasting method, and some methods work better for certain parts but not
others. Instead, a variety of combinations of empirical and theoretical methods adjusted
with fudge factors (e.g., human adjustment, other causal factors, industry trends,
externalities, etc.) might work best.
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3.3 Risk Pooling
Risk pooling is a method to reduce risk by aggregating a set of random outcomes. In
SPP, through increased demand aggregation by pooling customers together, we
experience less demand variability, which translates to less risk in fulfilling service
performance targets. From an inventory policy perspective, less safety stock is required.
Intuitively, because demands are not perfectly correlated, the positive and negative
demand fluctuations tend to cancel each other. The negating effect of the demands
reduces the variability of aggregated demand. An example would be useful to describe
the benefits of risk pooling. Consider having a single centralized warehouse instead of
two separate decentralized warehouses to serve customers A and B (see Figure 6).
Decentralized Centralized
A Warehouse 1 A
Warehouse
Warehouse 2 B)
Figure 6. Risk Pooling Example.
The following table shows the demand characteristics of the two independently
distributed customer demands (A and B) and aggregated demand within a certain time
period, and also the computed safety stock requirements:
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Customer Demand Mean Standard Deviation Safety Stock Required
A 10 3 19
B 15 4 27
A and B (aggregated) 25 5 40
Table 1. Customer Demand Characteristics for Risk Pooling Example.
The characteristics of the aggregated demand are calculated using statistical methods, and
safety stock requirements are determined by covering three standard deviations of
demand plus the expected demand during the time period. For example, for customer A,
the safety stock required 19, which is three standard deviations, 9, plus the mean, 10. In
the decentralized case, a total of 46 units (19+27) units of safety stock are required, while
only 40 units are needed in the centralized case. This illustrates the potential inventory
savings by aggregating demands.
Riskpooling has a statistical origin, where the standard deviation of a sum of
independent and identical (i.i.d.) random variables is the square root of the sum of the
variance of each random variable. Suppose we have n customer demands with
distributions D1 , D2 , ..., D,. With a single stocking location to serve all customers, then
the standard deviation of aggregated demand is:
Stdev(ZD1 ) = Var( D)
= E Var(D,) + 2ZCov(DjD (3.3)
Vi j<k
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Under i.i.d.conditions, the covariance term is zero. Thus,
Stdev(Z D) = Var(D,) (3.4)
'Vi 'v
The square root term is the gist of risk pooling, because the square root of a sum is
smaller than the sum of the square roots. Thus, the combined standard deviation is less
than the sum of the standard deviations of the random variables. - In the case of
disaggregated demand, our total standard deviation is:
ZStdev(D) = V Var(D1 ) > Var(D) = Stdev( D,). (3.5)
'Vi 'Vi i Vi
The inequality in equation 3.5 holds under positive elements in the square root, which is
true in our case because variances are always positive.
Therefore, as shown statistically, we encounter less demand variability when
demands are aggregated as much as possible. This means serving as many customers as a
single stocking location can support. Such a centralized stocking strategy yields the
lowest possible safety stock investment.
3.4 Safety Stock
3.4.1 Factors
As previously mentioned, safety stock is necessary in SPP, and the level of safety stock
depends on the following:
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1) Service level performance
There are many benchmarks for service level performance. The typical measure is
the fill-rate, but there are many interpretations depending on the company's or 3PL's
role. It could be the probability of having the part in the FSL when an order arrives,
or the probability of delivering the part to the customer within a certain amount of
time. First time fix rates are also important because minimizing downtime is of
utmost concern to many customers. Companies can achieve higher service levels by
positioning more of the right parts at the right places. Because of demand
uncertainty, this means holding more safety stock and placing them closer to their
customers.
Customers that cannot afford expensive downtimes or potential life hazards often
demand quick response and more binding guarantees of on-time delivery. For such
critical parts, higher safety stock levels should be established.
2) Customer demand pattern
For a given service level, the more volatile the demand, the more safety stock
required. The safety stock is necessary to guard against unexpected demand spikes.
The volume and dispersion of customers also play an important role in determining
appropriate safety stock levels because of risk pooling effects. High customer
concentration in a particular region allows for more demand aggregation, which
decreases the variability of total demand. Safety stocks are usually established to
cover sufficient demand levels such that the cumulative probability of satisfying
demand is at least equal to the desired fill-rate. For Gaussian distributions, the
spread is proportional to the standard deviation; hence, safety stocks follow standard
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deviations very closely, and aggregated demands can enjoy inventory savings over
disggregated demands.
3) Supplier availability of parts and lead time duration and volatility
Just as we respond to uncertainty in demand with safety stocks, supply uncertainty
requires the same treatment. If lead times are long, then we need to hold more safety
stock to cover demands that arrive within the replenishment cycle time. Similarly,
more safety stock is required if supply lead times are volatile. In the case that
availability of the part will be scarce or nonexistent, the company can make a last-
time buy decision, where as much inventory to cover future demand should be
procured.
4) Ordering policies
The inventory policy used affects the safety stock levels. Examples include: the
commonly used one-for-one (S-1, S) policy where we order a part replenishment for
every part delivered to the customer; min-max (s, S) policy where we replenish the
safety stock when it reaches a predetermined reorder point; and fixed replenishment
(Q, R) policies where replenishments follow a fixed schedule. The various inventory
policies can be applied to different demand profiles. For example, the one-for-one
(S-1, S) policy can be applied to parts with low demand, while the min-max (s, S)
policy is suitable for parts with less demand variability.
5) Obsolescence
Towards the end of the product lifecycle, the incentives of stocking the part decrease
because the number of customer installations dwindles. Obsolescence bears a huge
cost to the service parts industry, and safety stock is the root of the problem. We
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need to strike a balance between absorbing high obsolescence costs versus the loss of
service to the remaining customers.
3.4.2 Inventory Policy
We illustrate how some of the above factors come into play through the min-max (s, S)
inventory policy ([31]). To facilitate our discussion, we introduce the following notation:
AVG = Average daily demand.
STD = Standard deviation of daily demand.
L = Constant replenishment lead time.
H = Cost of holding one unit of the product for one day.
a = Service level or fill-rate. This implies that the probability of stocking out is 1-a.
K = Fixed ordering cost.
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Figure 7. Min-Max Inventory Policy.
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The reorder point has two components: 1) average inventory during lead time, which is
the product of average daily demand and the lead time, to ensure sufficient inventory
until the next order arrives; 2) safety stock, which is the amount of inventory needed in
the warehouse and pipeline to protect against deviations from average demand during
lead time. Thus, the reorder point (s) is:
s=LxAVG+zxSTDxJ , (3.6)
where z is chosen from the standard statistical distribution to ensure that the probability
of stockouts during the lead time is 1-a. It must satisfy the condition:
probability{demand during lead time > L x AVG + z x STD x V} =1 - a (3.7)
In the absence of fixed ordering costs, the order-up-to-level is the same as the reorder
point, and we order whenever the stock dips below the reorder point. With fixed ordering
costs, however, we tend to order in batches to reduce ordering costs; hence, the order-up-
to-level might be higher than the reorder level. An Economic Order Quantity model
(EOQ) can be used to determine the optimal order size, Q. Thus, the order-up-to-level is:
S = max{Q,L x A VG}+ z x STD x Vf (3.8)
The commonly used (S-1, S) policy for service parts is a variation of the (s, S) policy
where the reorder point (s) is one unit less than the order-up-to-level (S). Thus, we order
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from the supplier the moment a demand arrives. This is similar to the above mentioned
case with no fixed ordering costs. The rationale behind the (S-1, S) policy for spare parts
is the criticality of maintaining the safety stock level at all times to protect against
unexpected demand.
In the case of near obsolete parts or supplier discontinuations, we can use a single
period Newsboy model to optimize last time buys. It includes factors like the penalty of
stocking out and scrap value. For details of the model, we refer readers to Winston
([34]).
As in forecasting methods, safety stock calculations can also be an art. Currently,
there is no single best inventory policy, and parts with varying demand profiles may
require different methods. By fine tuning these methods based on historical performance
and projecting future demand patterns, we can attempt to seek greater convergence
between plans and reality.
3.4.3 Shortcomings
There are two major issues with existing inventory policies for spare parts:
1) Coverage during lead time concept
Setting safety stock according to supplier replenishment lead time works for more
stable demand volumes (such as in production and certain retail systems), but not
necessarily for service parts, where demand is sporadic. The rationale for the lead
time concept is that replenishments can only arrive after a certain lead time, and
during that time, the stock is subject to any demand. By setting up a fill-rate target,
we can expect to satisfy a certain percentage of orders during lead time. Most service
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parts literature and applications have taken the same approach. Unfortunately, this
approach works well only for demand of low to moderate variability. Although valid
in a statistical sense where we can expect the fill-rate to be achieved, it applies only in
the long run expectations. It is not representative of actual service parts operating
conditions, where demand variability tends to be high, and can be misleading when
calculating the required safety stock. It provides too little margin for forecasting
errors. During the replenishment lead time, sporadic demand patterns can easily
overwhelm the safety stock.
2) Customer held safety stock
Customers usually hold their own safety stock for very critical components or for
precautionary reasons. Thus, they have their own inventory system and tend to order
in batches. Order batching introduces forecasting problems for the supplier when
customer order patterns are unknown. For example, if there are five demands of two
units in a year, then the daily mean is 0.0274. A typical week-long replenishment
lead-time means that we expect 0.192 units with equal variance (according to the
Poisson distribution). Three standard deviations of stock (1.315 units) to cover 99%
of demands cannot satisfy the potential demands of two units. We cannot establish a
reasonable safety stock level based on this information. Unless we know and model
the customer's inventory levels and ordering patterns, alternative forecasting and
inventory policies need to be investigated. While batch ordering offers certain
economies of scale advantages, the service performance and forecasting accuracy
benefits of one-for-one over batch replenishments should be studied to determine the
appropriate ordering policy. In the case of low volume and sporadic demand, the
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one-for-one policy should be more favorable, and has been widely accepted by the
majority of service parts literature.
3.5 Application
The unique conditions of the overnight segment allow us to establish one single pooling
group throughout the continental U.S.; hence, we can aggregate all demands. Then, our
objective is to determine the minimum inventory level for each part subject to the factors
previously discussed. While we do not delve into the details or conjure a perfect
forecasting solution for the service parts industry, we provide a framework for using such
data in the subsequent inventory optimization and facility network design steps. We have
decoupled the total safety stock decision from the optimization algorithms. This allows
flexibility in selecting appropriate forecasting tools and inventory policies without losing
integrity of our optimization models.
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Chapter 4
4.0 Optimization Models for Inventory Optimization
and Facility Network Design
4.1 Models Overview
We use two basic models in our analysis of inventory optimization and facility network
design. They are the Uncapacitated Single-SKU (USS) and Capacitated Fixed Charge
Multi-SKU (CFCM) models. The USS model determines the optimal stocking solution
for a single part based on cost parameters and service constraints. The CFCM model
introduces capacity constraints and fixed warehouse costs, and optimizes across all
SKUs.
4.2 General Assumptions
The following assumptions apply to both models, and assumptions specific to a particular
model are discussed separately:
1) Availability of overnight service
We assume that overnight service is available for any origin-destination pair in the
continental U.S. Although it may not be true for very remote locations, the
installation base in such regions is probably very small or nonexistent, and unlikely to
have the commercial need for overnight service.
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2) Installation base
Because of lack of installation base data for each region, we represent it as a
percentage of population in that region. Commercial activity data would also be a
good indication of installation base, but we use population data for its simplicity and
accessibility. The installation percentage, however, is also unknown; but we can
adjust the installation percentage and failure rate (number of failures per installation
per year) to match the expected number of failures in a year. By fixing the
installation percentage value, we can classify each part into a particular failure rate
category based on its expected annual number of failures. Nevertheless, the model
can handle the installation base data, if made available.
3) Transportation costs
In our datasets, demands and FSLs are aggregated to the state level. Transportation
costs, however, are rated at the three-digit zip code level. Thus, we used a weighted
average of transportation cost based on the proportion of population in that three-digit
zip code with respect to the statewide population. This is reasonable because the
delivery volume is greater for more dense installation bases.
4) Independent and identically distributed (i.i.d.) demands
We assume that demands for a part are independent and identically distributed. Thus,
the failure of a part is independent of others. This may not apply when demands are
correlated under external conditions, such as a citywide blackout, earthquakes, and so
forth.
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5) Low stock out rates
In our model, we assign customers to FSLs, and compute transportation costs based
on that assignment. Although we can show that the minimum inventory distributed
among the FSLs is sufficient to satisfy assigned demand with high fill-rates, there is
still a small probability that demand has to be satisfied from another FSL during
replenishment lead times. In such cases, we incur a different transportation cost.
This assumption is reasonable because of the low probability associated with such a
situation, and the additional transportation cost from shipping from a nearby state is
small. Nevertheless, service level targets are still satisfied as we can overnight a part
to a customer from any FSL.
6) Supplier replenishments
We assume that suppliers replenish parts directly to the central warehouse. Although
it may be cheaper to ship the parts to certain FSLs closer to the supplier, it increases
the amount of coordination required. The models, however, can handle direct
supplier replenishments to FSLs by altering the transportation cost structure.
7) Storage capacity
Storage capacity can be difficult to express because of the varying layout and height
of the facility, as well as the availability of storage racks and handling equipment.
This results in different space utilization rates across the FSLs and central warehouse.
For the sake of simplicity of our analysis, we assume that the storage capacities are
proportional to the square footage area of the FSLs and central warehouse.
Another issue is that the overnight segment competes for capacity with the faster
response segments: two and four hour time windows. We assume that the maximum
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amount of allocated capacity at each FSL and central warehouse for the overnight
segment is known. One approach to handle this assumption is a layered planning
method by planning for inventory at the FSLs for the quicker responses first, and
provide the remaining capacity to the overnight segment.
4.3 Inventory Optimization Model
4.3.1 Overview
We introduce the Uncapacitated Single-SKU (USS) model is to determine an optimal part
stocking plan by minimizing inventory holding and transportation costs subject to
satisfying FSL capacity constraints and service level obligations. Service level
obligations have already been explicitly incorporated into the minimum inventory level;
hence, they will always be satisfied. We first introduce the notation accompanied by
brief explanations, followed by the mixed-integer program.
4.3.2 Notation
Sets
Z - Set of all customer regions. The regions can be at the city level, 3-digit zip code, 5-
digit zip code, state, or any user defined boundaries. The level of detail will affect
solution runtimes.
W - Set of all existing Field Stocking Locations (FSL) and central warehouses (CW).




ti - Unit transportation cost of serving customer region i from CW/FSL j. It includes
replenishment cost from the CW at ground rates, and fulfillment cost from the FSL to the
customer region at next day rates.
invc; - Unit inventory holding and warehouse cost across the time horizon at CW/FSL j.
It includes cost of capital, warehouse storage, leasing, insurance, tracking, handling,
obsolescence, etc. Inventory holding cost varies across FSLs because of their unique cost
structures.
qtyi - Number of installations in customer region i.
Mininv - Minimum inventory level to achieve desired service level performance. This
value is determined from the forecasting and safety stock calculations discussed in the
previous section.
s - Sharing ratio of number of installations to part. It is calculated by taking the total
number of installations divided by the minimum inventory level. The ratio ensures a fair
share of inventory, such that each installation is subjected to the same stock out rate at its
assigned FSLs, and a single part is not shared by an excessive number of installations. It
can be fractional.
usagei - Usage (failure) rate of the part in customer region i within the time horizon. It is
the expected number of times we have to deliver the part to an installation in the time
horizon. It is region specific to allow flexibility to model high intensity failure zones.
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Note that the transportation and inventory costs need to be in the same time frame. If we
consider annual inventory holding costs, then the transportation cost has to reflect the
expected number of shipments in a year.
Decision Variables
Xij - Fraction of demands in customer region i serviced from CW/FSL j. It is fractional
to allow multiple sourcing of customer demands.
Yj - Number of parts to stock at CW/FSL j. It is an integer value as parts are discrete.
4.3.3 USS Mixed-Integer Program
Minimize Y I usageiqtyitYXY + Y invcjYj (4.1)
Vi Vj Vj
s.t. Cover) ZX 0 =1 ,ViE Z (4.2)
VJ
Sharing) YqtyXj sY1  ,Vj e W (4.3)
Vi
Forcing) XY YJ ,ViGE Z,VjE W (4.4)
0 XU 1 (4.5)
Y Integere [0, Mininv] (4.6)
The objective function (4.1) minimizes transportation costs and inventory holding costs.
Cover constraint (4.2) ensures that all demand in each customer region has been assigned
to FSLs. Sharing constraint (4.3) ensures that parts are sufficiently stocked at each FSL
to serve its assigned customer region, and implicitly constrains the model to stock at least
the minimum amount of inventory. For example, if there are 100 installations and
minimum inventory is 5, then the sharing factor is 20. Because constraint (4.3) ensures
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that each unit of stock is sourced to no more than 20 installations, and constraint (4.2)
requires all 100 customer installations to be served, the minimum inventory level
requirement of 5 units would implicitly be enforced. Forcing constraint (4.4) serves to
strengthen the LP bound. Constraints (4.5) and (4.6) respectively bind the range of
values of the decision variables.
The outputs of this model are the total cost, amount of inventory to stock at each FSL,
and the customer region to FSL service assignments.
4.4 Facility Network Models
4.4.1 Overview
Modeling of facility networks introduces additional level of complexities because we not
only have to incorporate the planning of every SKU simultaneously, we have to account
for how the capacity is shared among the SKUs and fixed warehouse cost economics. In
this section, we first examine an extension of the USS model to accommodate capacity
constraints, fixed warehouse costs, and all parts, and demonstrate that it is an intractable
approach in the operational context of the 3PL. Then we discuss how we can modify the
data setup, model formulation, and solution algorithm, to achieve a workable model - the
Capacitated Fixed Charge Multi-SKU (CFCM) model.
4.4.2 USS Extension Model
The USS model handles only a single SKU, and we can extend the model to consider
multiple parts simultaneously by using part specific variables (e.g., transportation cost,
usage, installation quantity, etc.) and including capacity linking constraints. By
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subscripting all parameters and decision variables defined in section 4.3.2 for the USS
model with a part specific index, k, we are essentially overlaying one USS model on top
of another, for all parts. We also introduce the following additional notation:
Sets
P - Set of all SKUs.
Parameters
F; - Fixed cost of opening and operating FSL/CW j. The fixed cost should be considered
in the same time frame as the other cost components. In the annual case, it can be the
annual leasing cost or an amortized investment.
Cap; - Maximum capacity of FSL/CW j. It can be expressed in cubic feet or some other
unit of volume measure (e.g., number of pallets, racks).
Vk- Volume of SKU k.
Decision Variables
Zj - Binary decision variable that has value 1 if FSL j is open; 0 otherwise.
The formulation for the USS extension model is as follows:
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Minimize Z1Zusageikqt,,t y X k + Z I inCkYJk + Z FZ (4.7)
Vi VjVk Vj Vk V
s.t. Cover) ZXYk, =1 ,Vie Z,Vke P (4.8)
Vi
Sharing) YqtyikXtk sY , Vj W, Vke P (4.9)
'Vi
Capacity) ZVkYjk CapZj ,Vj e W (4.10)
Vk
Forcing) XYk Y, k ViE Z,VjE W, Vk E P (4.11)
0 ! X, < 1 (4.12)
Yj Integer (4.13)
Z1 Binary (4.14)
Objective function (4.7) minimizes the transportation, inventory holding, and fixed
warehouse costs. Similar to the USS model, cover constraint (4.8) ensures that all
demand in each customer region has been assigned to FSLs. Sharing constraint (4.9)
ensures that parts are sufficiently stocked at each FSL to serve its assigned customer
region, and implicitly constrains the model to stock at least the minimum amount of
inventory. Capacity constraint (4.10) is a linking constraint between the parts, and sets
the capacity volume limit at each FSL. Forcing constraint (4.11) serves to strengthen the
LP bound. Constraints (4.12) to (4.14) bind the range of values of the decision variables.
The number of constraints (IZIIP + IWIIPI + W + IZ|IWIIPI) and variables (IZIIWIIP| +
jWJfPI + WI) increases rapidly with the number of parts, customer installations and FSLs.
In a reasonable situation that we have 100,000 parts, 100 FSLs, and 1000 customer
regions, the model would have over 10 billion constraints and variables each. Because
the parts share the same network of FSLs and central warehouse, and compete for limited
storage space at strategic locations, we can expect computational requirements to increase
exponentially as the number of parts increases. Considering the 3PL's role of managing
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many customer accounts, the number of parts could easily reach the millions, rendering
the model intractable. In the next section, we discuss how our solution approach in the
CFCM model can mitigate these computational challenges.
4.4.3 Capacitated Fixed Charge Multi-SKU Model (CFCM)
4.4.3.1 Overview
The scale of the 3PL's operations introduces computational challenges, which can be
overcome using various data setup, model formulation, and solution algorithm
techniques. By creating representative generic SKUs and aggregating data, we can
drastically reduce the model size. The model can also be reformulated using composite
variables, which Cohn ([12]) shows to be effective for modeling large scale problems.
We then use a branch-and-price algorithm, surveyed by Barnhart et al. ([3]), to gain
tractability in solving these large-scale integer programs. In this section, we delve into
the various components of our solution approach and discuss the model formulations.
4.4.3.2 Generic SKUs
As previously discussed, the model becomes intractable when we have millions of parts.
We can, however, establish a few generic SKUs based on varying part characteristics
(e.g., weight, cost, failure rate), and consolidate the real parts into these generic SKU
groups. Although a perfect fit into the exact part characteristics of a group is rare, it
suffices to approximate real parts that have similar characteristics. For example, a 151b
part that costs $75 and fails on average three times per year might be classified into the
generic SKU group of 101b parts of $100 value and fails on average 5 times per year.
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The motivation for this approach is that a lot of parts are similar, and they generate the
same optimal distribution strategy. Thus, instead of modeling a certain kind of part
several times, we can simply use a single generic SKU.
4.4.3.3 Aggregation
Aggregation serves two main purposes: 1) to improve solution time performance by
reducing model size; 2) to reduce forecast errors by pooling uncertainty. However, it
comes at a price of loss of solution detail. In the large scale systems for service parts,
aggregation is imperative. We need to strike a good balance of aggregation and solution
detail. Simchi-Levi ([31]) provides a guideline for aggregation of demand, customer
region, and product groups to reduce forecast errors, and maintain solution tractability
and quality. In our datasets, we used:
- 49 U.S. states for demand regions (excluding Alaska, Guam, Hawaii).
- 47 FSL locations.
- 64 generic SKUs for product groups.
Because transportation costs are provided by a major package carrier at the 3-digit zip
code level, a population and FSL capacity weighted average was used to determine the
origin (FSL) to destination state shipping costs.
We found the aggregation level suitable from both solution quality and computation
performance perspectives. Subject to the availability and performance of computation
resources, we can introduce more generic SKU groups to reduce the approximation errors
associated with categorizing real parts into these generic SKU groups.
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4.4.3.4 Composite Variables
To further improve model performance, we adopt a composite variable approach ([12]).
Instead of explicitly deciding on the assignment of customers to FSLs as seen in the USS
extension model, we formulate the composite decision variable as a part stocking
solution, which consists of the number of units of a particular part stocked at each FSL
and the customer assignments to those units. In so doing, we exclude the individual
part's assignment and stocking decisions from the problem. The number of constraints in
our model (|Pj + WH|PI + 21WI) is reduced to 3166 for the model size specified in section
4.4.3.3. In the next section, we introduce the CFCM composite variable model.
4.4.3.5 Formulation
In addition to the notation introduced in section 4.3.2 for the USS model and section
4.4.2 for the USS extension model, we have the following additional notation for the
CFCM model:
Sets
P - Set of all generic SKUs.
Sk- Set of stocking solutions for generic SKU k.
Parameters
Cjk- Cost of selecting stocking solution f for generic SKU k. This consists of the
transportation and inventory holding cost.
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Vg; - Volume requirement for stocking solution f for generic SKU k at FSL/CW j. This
is computed from the number of parts stocked in the solution f at the FSL/CW multiplied
by its volume.
;- Indicator equal to 1 if solution f for generic SKU k uses FSL/CW j; and 0 otherwise.
Nk - Number of real parts fitting generic SKU k characteristics.
Decision Variables
Gf - Fraction of real parts of generic SKU k that use stocking solution f. It is fractional
so the real parts in a generic SKU category can adopt varying stocking solutions.
Zj - Binary decision variable that has value 1 if FSL/CW j is open, otherwise 0.
We formulate the CFCM problem as a set-partitioning LP with side constraints:
Minimize Y E C NGA + ZFZj (4.15)
Vf Vk Vj
s.t. Convexity) ZGa =1 ,Vke P (4.16)
Vi
Forcing) ZS.jGA Z, ,Vje W,Vk e P (4.17)
Vf
Capacity) Y V, GNkG CapjZj ,Vje W (4.18)
Vk Vf
Z Binary ,Vje W (4.19)
In the objective function (4.15), we minimize fixed warehouse costs plus the stocking
costs (inventory holding and transportation) across all parts. Convexity constraint (4.16)
ensures that all real parts in each generic SKU group has been designated a stocking
solution. Forcing constraint (4.17) requires the FSL to be open if any stocking solution
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selected uses that FSL. Capacity constraint (4.18) places volume restrictions on the
number of parts that can be placed at each FSL. Constraint (4.19) ensures that the
decision variable takes on value 0 or 1.
The number of composite variables, Gt, can be very large if we were to enumerate all
feasible stocking solutions. For example, if we were to consider stocking five units of a
certain SKU among 100 FSLs, then we have a total of 1005 possible stocking
combinations. While we can try generating good candidate stocking solutions to reduce
solution time, we are compromising on solution quality by possibly depriving the model
of certain stocking solutions. In the next section, we discuss a solution algorithm that can
overcome this problem.
4.4.3.6 Solution Algorithm
The branch-and-price technique ([3]) is useful for solving very large integer programs. It
is the branch-and-bound method in which bounds are determined using column
generation to solve the LP relaxations at nodes of the branch-and-bound tree. At each
node, instead of enumerating all the columns, we solve a master problem with a restricted
set of variables, or columns. Then we run a pricing problem, in which the goal is to
generate new variables with negative reduced cost. If such columns are found, we
introduce them into the restricted master problem. We iterate between solving the master
and pricing problems until no negative reduced costs are found, at which time we have an
optimal solution to the LP relaxation of the master problem, and we stop generating
columns for that node. The solution times depends on how quickly the pricing problem
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runs, and the quality of new reduced cost columns (stocking solutions) introduced into
the master problem.
The branch-and-price framework can be applied to our problem. The CFCM model
previously described constitutes the master problem, and the columns are the composite
variables. In addition, instead of enumerating all feasible stocking solutions in the master
problem, we can formulate a pricing problem, as detailed in the next section, in which
new variables (stocking solution) that improve the objective function are generated and
introduced into the restricted master problem.
4.4.3.6.1 Pricing Problem
The pricing problem generates optimal part stocking solutions based on modified reduced
costs. We use the duals from the master problem to compute the reduced cost of any
variable:
Duals
Gk - Dual associated with convexity constraint (4.16)
2tjk - Dual associated with forcing constraint (4.17)
pj - Dual associated with capacity constraint (4.18)
C, =C N -a, - ( xk - YVjklN p
Cft =Crk k k - Y6lffk - VikPj
Vjr=W VjE W (4.20)
=C N, - a - Y jgjk, +VjkjN pC k-uk (fk ± NkPj)
VjE W
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Our pricing problem is similar to the USS model, except for the modified objective
function:
Min ( usage qtyit, X, +E invc Yj N - Uk - Z(vkNk pY +7ik Z) (4.21)
V Vi )j v~w
By reordering the terms of the objective function, our pricing problem becomes:
Min EENkusageiqtyitqXY + Z(Ninvc, -VkNkp )Y - Z7CA ZJ - (-k (4.22)
k/i ki k/jEW /jE W
s.t. Cover) Y XU =1 , Vic Z (4.23)
Sharing) YqtyiX < sYj ,Vje W (4.24)
k/i
Forcing) XU Y ,Vie Z,Vj e W (4.25)
Forcing) XU ZJ ,Vie Z,Vje W (4.26)
0O XU < 1 (4.27)
Y Integere [0, Mininv] (4.28)
Z, Binary (4.29)
In the objective function (4.22), we minimize the transportation costs, inventory holding
cost, and dual values from the master problem. The cover constraint (4.23) ensures that
all demand in each customer region has been assigned to FSLs. Sharing constraint (4.24)
ensures that parts are sufficiently stocked at each FSL to serve its assigned customer
region, and that at least the minimum amount of inventory is stocked. Forcing constraint
(4.25) serves to strengthen the LP bound. Forcing constraint (4.26) ensures that the FSL
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is open when any part is stocked there. Constraints (4.27) to (4.29) bind the range of
values of the decision variables.
4.4.3.6.2 Branching Strategy
We use a straightforward branching strategy by branching on the decision variables for
opening or closing the FSLs. The order of FSLs to branch on is determined by the
decision variable with the value closest to one. A depth-first search is performed by
working down the tree by opening successive FSLs. Then we backtrack up the tree in






In this chapter, we present and analyze the results of our inventory optimization
methodology. First, we seek to understand the inherent tradeoff between cost
components as shown previously in Figure 4. The shape and position of the cost tradeoff
curves also varies depending on the part's characteristics, such as cost, weight, and
failure rate. Because capacity constraints introduce an additional level of complexity into
our models, we first isolate the effect of part characteristics on distribution strategy in a
capacity unconstrained model. This provides us with a basic understanding of how
characteristics of a part affect its optimal distribution and stocking strategy. Then, we
incorporate all parts in a capacity constrained model, which is an optimal inventory
stocking tool applicable to the 3PL's inventory optimization process.
5.2 Single Generic SKU Unconstrained Scenarios
5.2.1 Overview
In this model, we optimize the distribution strategy for a single part without any capacity
constraints. The goal is to understand how varying part characteristics affect the stocking
solution. Specifically, the part characteristics studied are part cost, weight, and failure
rate. The cost components are inventory holding, transportation, and warehouse storage.
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The approach we use for our analysis is to enumerate combinations of part
characteristics, generate a corresponding optimal solution, and analyze the results.
5.2.2 Part Characteristics Segmentation Scenarios
Instead of enumerating all parts, we focus on generating a few representative part
scenarios from the data provided by the 3PL. We construct valid ranges along each
dimension of part characteristics, namely part cost, part weight, and failure rate. The part
scenarios are a complete enumeration of the combination of the following elements:
Part Characteristic Values
Failure Rate 0.00005, 0.0005, 0.001, 0.005, 0.01, 0.05, and 0.1
(#/installation/yr)
Cost ($) 10, 100, 500, 1000, 5000, and 10000
Weight (lbs) 1, 10, 50, 100, and 150
Table 2. Part Characteristics Values for Single Generic SKU Capacity Unconstrained Scenarios.
Each resulting combination is referred to as a generic SKU. A complete list of all 210
generic SKUs can be found in Appendix Al.
5.2.3 Model and Data Setup
We use the USS model with objective function (4.1) and constraints (4.2) to (4.6). For
each generic SKU scenario, we define customer regions along 3-digit zip code
boundaries and include 78 existing FSLs throughout the continental U.S.
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5.2.4 Analysis
We provide the following data for each generic SKU scenario from our computational
runs (see Appendix Al):
- Transportation cost;




- Solution run times;
- Inventory level; and
- Number of stocking locations.
Detailed stocking solutions are provided in Appendix A2. Both the inventory level and
number of stocking locations are good indicators of the nature of the distribution strategy.
For example, high inventory levels and numbers of stocking locations suggest a
decentralized strategy. We measure the inventory level by summing the total safety stock
held at all FSLs, and the degree of decentralization by counting the number of FSLs used.
From the results, we draw the following key observations:
1) Certain FSLs are more logistically strategic.
From the stocking solution (Appendix A2), we observe that certain FSLs are selected
as stocking points very frequently, while others are selected far fewer times. For
example, Louisville (Kentucky) and Chester (Pennsylvania) are selected more than
twenty times as often as the average of the remaining FSLs. Louisville is highly
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economical because of its central location and the economies of scale gained from its
size. Chester is probably strategic because of its proximity to the major population
hubs along the East coast.
The next tier of favorable locations are Santa Ana (California), Sacramento
(California), Portland (Oregon), Dallas (Texas), Fort Lauderdale (Florida), and Arden
Hills (Minnesota). They are each selected from four to ten times as often as the
average of the remaining FSLs. Their locations along the periphery of the continent
suggests their suitability as strategic locations in a decentralization strategy.
2) The impact of part cost and weight on inventory level and degree of
decentralization is more pronounced with higher failure rates.
From the graphs in Appendices A3 and A4, we observe that the differences in
inventory level and number of distinct stocking locations for varying part cost and
weight scenarios increases, and becomes more disparate as the failure rate increases.
This is because the number of parts shipped increases with the failure rate, and
accentuates the impact of transportation and inventory holding cost on the distribution
strategy. Thus, parts that have high failure rates deserve more attention as planning
errors are likely to propagate into more pronounced negative cost and service
consequences.
3) Inventory stock and decentralization degree increase with decreasing part cost.
The relationship is best represented by graphs, as seen in Figures 8 and 9. We refer
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Figure 9. Number of Stocking Locations vs. Part Weight and Part Cost for Failure Rate 0.01.
We observe that for a given failure rate and part weight, the inventory level and
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decentralization is economically advantageous - the increase in inventory investment
is more than offset by a reduction in transportation costs.
4) Inventory stock and decentralization degree increase with increasing part weight.
While an exhaustive set of graphs is available in Appendices A3 and A4, we refer
readers to Figures 8 and 9 again as an example to highlight the relationship. As the
part weight increases, it becomes more cost effective to stock parts closer to
customers and use the cheaper ground replenishment modes. The cost discrepancy
between air and ground shipment increases with the weight of the shipment. Thus,
decentralization is favored for heavier parts.
We note, however, that there is a limit to this effect for higher failure rates. As
seen in Figure 10, the number of stocking locations increases up to a certain point
before decreasing for each curve. Although the reason is not very clear, we suspect
that there is a saturation point for large safety stocks associated with the high failure
rates, because there is always sufficient inventory to stock at various FSLs. Varying
inventory holding cost at each FSL may play a bigger role in consolidating the
inventory to a few key locations.
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Figure 10. Number of Stocking Locations vs. Part Weight and Part Cost for Failure Rate 0.1.
5) Decentralization is highly favorable.
Referring to Appendix A4, we observe that centralization of all stock in one location
is seldom a good distribution strategy, unless the demand rate is very low. Even for
very expensive and light weight parts that discourage decentralization, a few stocking
locations are usually selected. This suggests that decentralization should be
imperative for SPP.
6) Solution run time depends on the transportation and inventory holding cost ratio.
We plotted the solution run time against the transportation and inventory holding cost
ratio, as seen in Appendix A5. The run times are usually very short for scenarios
where the transportation cost dominates the inventory holding cost, which applies to
the less expensive part cost scenarios. On the other hand, when the ratio is small, run
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times can vary widely, but the longer run times tend to be associated with moderate
part failure rates.
These observations provide us with a better understanding of the role of part
characteristics on the distribution strategy without the complications of capacity
constraints and fixed costs.
5.3 Multiple Generic SKUs Capacity Constrained Scenarios
5.3.1 Overview
Upon understanding the cost tradeoffs associated with varying part characteristics, we are
better poised to implement and extract insights from a comprehensive inventory
optimization model, which incorporates all parts in a capacity constrained network. The
goal is to allocate the available FSL capacities to the parts at the lowest cost possible,
while satisfying capacity constraints. This model, which is applicable to the 3PL's
service parts planning operations, can be run regularly as new part data and forecasts are
updated.
5.3.2 Model and Data Setup
We use the CFCM model consisting of the master problem with objective function (4.15)
and constraints (4.16) to (4.19), and the pricing problem with objective function (4.22)
and constraints (4.23) to (4.29).
Customer demand regions and FSLs are aggregated at the state level, providing
sufficient detail and ensuring model tractability. There are no fixed costs associated with
opening an FSL, so the parameter Fj is zero for all FSLs. Instead, we incorporate fixed
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cost into individual SKU inventory holding costs by charging a storage fee based on a
percentage of the square footage leasing rate at each FSL (i.e., each SKU will incur a
different inventory holding cost when stocked at different FSLs). Appendix B has
tabulated and illustrated capacity and leasing rates for each FSL, providing us with a
good overview of the FSL network and the spread of real estate rates across the
continental U.S.
Because of time constraints and the exponential computational complexity involved
when the number of parts modeled increases in the CFCM model, we limit our model to
handle only 64 generic SKUs. We use sample data from the 3PL to generate reasonable
ranges of part characteristics (see Table 2).
Part Characteristic Values
Failure Rate 0.0001, 0.001, 0.01, and 0.1
(#/installation/yr)
Cost ($) 10, 100, 500, and 1000
Weight (lbs) 1, 10, 50, and 150
Table 3. Part Characteristic Values for Multiple Generic SKU Capacity Constrained Scenarios.
A list of the generic SKU groups are provided in Appendix Cl. The data was also used
to derive the distributions of real parts fitting into each generic SKU category (see
Appendix C2).
While we have the FSL storage capacities, the amount allocated to the overnight
segment is unknown. Thus, we adopt a scenario analysis approach by proportionally
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varying the available capacity at each FSL, or equivalently the number of real parts.
Thus, we simulate the environment where total volume is at 20%, 40%, 60%, and 80% of
total capacity levels. This provides us with a good indication of the impact of growth in
the overnight segment. We assume that each generic SKU has the same part dimensions
to simplify our analysis and reduce the number of generic SKUs.
5.3.3 Analysis
We summarize the cost objective values, solution times, and stocking solutions for each
volume level in Appendix C3. Illustrations of the stocking solutions for each volume
level are in Appendices C4 to C7. Results show that the central warehouse at Kentucky
gets the bulk of the inventory, and some of the periphery states like California, Texas,
Virginia, Pennsylvania, Oregon, New York, North Carolina, Maryland, Massachusetts,
Minnesota, Florida, and Georgia also show significant inventory with increasing volume
levels. The states around Kentucky are the last to be filled with inventory because
Kentucky serves as the most cost effective distribution location in that region. Thus, the
former are filled up only when the capacity at Kentucky has been maxed out. The
progression of periphery states being stocked with inventory shows that decentralization
is necessary to achieve minimum cost. Even relatively more expensive stocking areas
like New York, Minnesota, and Maryland are used to support the distribution strategy. It
suggests that for some parts, transportation cost savings outweigh the higher storage costs
at those expensive areas.
The total cost triples when volume increases from 20% to 40%, but grows at about
50% and 40% for the 40% to 60% and 60% to 80% increase respectively. This is
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because inventory gets stocked at less desirable locations when capacity at favorable
locations depletes. This highlights the positive impact of building up capacity at the right
locations to accommodate volume growth. The distribution strategy is highly dependent
on the FSL network, and significantly affects the bottom line.
Run times almost double for every 20% increase in volume, which demonstrates the
exponential surge in planning complexity with the increasing number of real parts.
79
Chapter 6
6.0 Facility Network Design
6.1 Overview
In the previous chapter, we have optimized the inventory plan by treating the facility
network as fixed. In this chapter, we allow flexibility in designing the facility network to
best support the operating strategy of the overnight segment. Although there are many
other qualitative factors involved in locating FSLs, we adopt a cost minimizing approach.
As explained earlier, operating margins in the overnight segment are lower; hence, a cost
leadership approach is most appropriate. The facility network affects operating costs and
the ability to achieve service performance targets efficiently. While traditionally deemed
to be long term investments, leases allow greater flexibility in network designs. The key
is to leverage the company's ability to change its network rapidly according to market
conditions, such that its operations can run efficiently and at high service levels.
We approach facility network design by first running an unconstrained plan, whereby
there are no capacity constraints and fixed costs tied to opening an FSL. This should
provide us with insights on the ideal network design that minimizes operating costs.
Then, we incorporate fixed costs and capacity constraints into our analysis. We first





The unconstrained plan consists essentially of executing the USS model for every SKU,
and aggregating the volume requirements at each FSL. It determines the solution and
delta between the ideal network design and the current network, if we ignore real estate
and FSL infrastructure costs. The unconstrained plan could be applicable when service is
of utmost importance. For example, emergency services such as fire departments, which
have to be located within a certain maximum distance from the neighborhood, and real
estate and infrastructure costs are of relatively much lower importance. Although not
very applicable to the service parts industry, even for the two hour responses, the
unconstrained plan is useful for extracting insights on the impact of fixed costs and
capacity constraints.
6.2.2 Model and Data Setup
We execute the CFCM model consisting of the master problem with objective function
(4.15) and constraints (4.16) to (4.19), and the pricing problem with objective function
(4.22) and constraints (4.23) to (4.29), for each of the 64 generic SKUs in Appendix Cl.
For each FSL, fixed cost is zero and capacity is infinite. The number of real parts fitting
in each generic SKU group is the same as the multiple SKU inventory optimization
scenario discussed in chapter 5 (see Appendix C2). The inventory holding cost incurred
for stocking a part is uniform across all FSLs. We vary the total volume of parts from




We summarize the cost objective values, solution times, and stocking solutions for each
volume level in Appendix D1. Illustrations of the stocking solutions for each volume
level can be found in Appendices D2 to D6. As seen in the maps, the central (Kentucky)
and periphery states (California, Texas, Oregon, Delaware, Florida, and New York) get
significantly more volume than the other regions. This can be attributed to the lower
distribution costs of serving the central regions from Louisville, and the other states from
the periphery states selected in the solution.
There is not much difference between the stocking solution obtained and that of the
inventory optimization discussed in the previous chapter, except for some states, which
are heavily overloaded (e.g., Delaware, New Hampshire, and Wyoming). This suggests
that if the capacity at these locations could be procured at reasonably cheap rates, then
they could potentially add value to the FSL network. Unfortunately, there might be
qualitative factors that make such investments prohibitive, for example, whether the
quality and reliability of overnight delivery are sufficient.
6.3 Capacitated Fixed Charge Scenarios
6.3.1 Overview
In this step, we design the network from scratch by opening FSLs that simultaneously
minimize both facility network costs (fixed cost) at the FSL level and distribution costs
(transportation and inventory holding) at the SKU level, subject to capacity constraints.
Similar to the inventory optimization approach, we proceed by analyzing from the SKU
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level initially, before combining all SKUs into one model. The key tradeoff in these
facility network designs is that of fixed costs and distribution costs. Unless there is very
strong incentive to decentralize due to part characteristics, the fixed cost element can
easily dominate the distribution costs and favor a centralized strategy.
6.3.2 Model and Data Setup
We use the CFCM model consisting of the master problem with objective function (4.15)
and constraints (4.16) to (4.19), and the pricing problem with objective function (4.22)
and constraints (4.23) to (4.29). The choices of FSLs to open are the existing FSLs in the
3PL's network, because of the availability of capacity and fixed cost data provided for
these FSLs. Although the selection of the existing FSLs is clearly not extensive, we do
not have data for a list of potential FSLs. Nevertheless, the existing FSLs are widely
scattered around the continental U.S., and capture the real estate economics of the various
locations. Furthermore, aggregation at the state level nullifies the necessity to define
potential sites at the detailed city level.
6.3.3 Single Generic SKU Analysis
Appendices El, E2, and E3 contain the results of the analysis in terms of objective
values, run times, and state tally respectively. The state tally is an illustration of the
number of times the solution picked a particular state to setup an FSL. The solution often
contains the same set of facilities across the generic SKU categories. They always
included Louisville because of its low cost and central geographic position. When
volume is low, the other FSLs selected were in central locations with low capacity and
83
low rental rates. This suggests that decentralization is not the main motivation. Even for
high volume scenarios, the solution always avoids the expensive FSLs. However, a high
capacity, moderately expensive facility might be picked to serve a region, rather than a
few scattered FSLs with low cost. As we increase demand volume, the generic SKUs
having centralized stocking solutions tend to have its cost increase the most.
Because of the network design nature of the model where a facility is either open or
closed, we observe that decisions tend to exhibit stepped behavior. FSLs selected are
used completely up to capacity before investing in additional facilities. Thus, there are
strong incentives to setup the FSLs in cheaper regions. Real estate economics seem to be
driving most of the network decisions, more so than the transportation and inventory cost
tradeoffs. It dictates that cheaper regions should be established first to accommodate
demand. Although we would expect decentralization in certain categories of generic
SKUs, they were evident only in the SKUs with heavy weight, low cost, and high failure
rate. These parts had optimal networks consisting of periphery states.
6.3.4 Multiple Generic SKUs Analysis
We summarize the cost objective values, solution times, optimality gaps, and stocking
solutions for each volume level in Appendix Fl. Illustrations of the stocking solutions
for each volume level are in Appendices F2 to F5. The resulting distribution strategy is
highly centralized with FSLs setup in inexpensive areas. Thus, the decentralization
incentives are outweighed by the fixed cost associated with opening subsequent FSLs.
This network optimization approach is not particularly relevant to the 3PL because they
already have a network in place, and the goal is to tap into available FSL capacities
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across the nation to save -on distribution costs. Nonetheless, it provides validation of the
dominant effect of real estate economics when we consider fixed costs in an all-or-none
situation. In the next section, we discuss a hybrid model that takes into account the
existing FSL network and potential FSLs.
6.4 Hybrid Model Discussion
We incorporate the existing FSL network and potential opportunities in the modified
restricted master problem:
Minimize E E CN kGA +Z FjZj (4.30)
Vf Vk Vi
s.t. Convexity) Y G, =1 ,Vk e P (4.31)
Vf
Forcing) ZSIj Gk <Z. , Vje W,Vke P (4.32)
Vf
Capacity) Y, VI1 GkNk <Cap. + NewcapjZj ,Vje W (4.33)
Vk Vf
Upperbound) Z1i1 ,Vje W (4.34)
Lowerbound) Z, >0 ,Vj e W (4.35)
Newcapj is the additional expansion capacity available at FSL region j, F is the fixed cost
of procuring that additional capacity, and Zj is the decision variable of whether to procure
the additional capacity. The pricing problem remains unchanged as in (4.22) to (4.29).
The hybrid model is a blend of the inventory optimization and network design
modules. We optimize the inventory stocking plan within the capacity limits of the
current FSL network, and yet allow freedom to procure additional blocks of capacity at
certain fixed costs. This is especially applicable to the 3PL because it requires the
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existing network to support the quicker response two-hour services, which the overnight




7.0 Conclusions and Future Research
7.1 Conclusions
In this paper, we have introduced the operating environment and challenges of the service
parts business. The high uncertainty intrinsic to service parts and large scale operations,
in millions of SKUs, of a 3PL pose particularly problematical obstacles to overcome. By
focusing on the overnight delivery segment, separating certain inventory stocking
decisions, aggregating data along generic parts and geographical regions, and using large
scale operations research techniques, we have managed to formulate two deterministic
models that are very scalable and tractable.
The first model is the Uncapacitated Single SKU (USS) that determines the optimal
inventory stocking plan for a single part based on minimizing cost parameters and
fulfilling service constraints. By analyzing the distribution strategy for parts of varying
characteristics, we found that decentralization is still strongly favored at a few logistically
strategic locations, but the degree of decentralization increases with cheaper and heavier
parts, and the effect made more pronounced with parts of higher failure rates.
The USS model is a building block for the Capacitated Fixed Charge Multi-SKU
(CFCM) model, which incorporates warehouse capacity and fixed costs, and optimizes
across multiple parts. Using data from a 3PL, we showed that the model could generate
optimal inventory stocking plans for all parts quickly, and the solution of a large central
warehouse and moderately sized warehouses in the periphery states of the continent was
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in line with our expectations. When we included fixed warehouse costs, however, we
discovered that the fixed costs were significantly greater than the cost savings gained
from decentralization; hence, the optimal network structure was highly centralized. This
highlighted a shortcoming in our model in that the more restrictive network structure
demanded for the quicker responses (e.g., 2 and 4hr services) should be factored. We
have suggested a hybrid model to work around this deficiency, in which the existing
network and potential incremental capacity investments are modeled. Nevertheless, we
have extracted valuable insights into the tradeoffs of part characteristics, impact of real
estate economics, and effective large-scale solution techniques for SPP. The inventory
optimization methods discussed will be most applicable and useful for the 3PL.
7.2 Future Research
We have so far restricted our study to the overnight delivery segment; hence, more
holistic approaches can be studied, whereby all response time segments (e.g., 2hr, 4hr,
same day, and overnight) offered by the 3PL are incorporated into a single model to
achieve global optimum. The CFCM framework can be used, where the master problem
links all parts together in a capacity constrained and fixed cost model, and the pricing
problem models individual part stocking strategies. More research into methods of
incorporating the stochastic elements of risk pooling, however, will be most imperative
for an effective model.
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Appendix Al. Generic SKU Scenarios.
Population 248709873
Index installation # Failure Expected # Supplier Minimum Sharing Part Cost % % Part tcost invcost tcost/ Best Best Bound Optimality Solution Solution inventory Distinct%Population installations Rate Failures Leadtime inventory Factor inventory inventory Weight invcost Solution Gap Runtime Status* Level Stocking(annual) (days) (CW) Holding Holding (ibs) ratio (secs) Locations
(base) (storage)
1 0.0001 24871 0.00005 1.24355 30 2 12435.50 10 30% 50% 1 24.75088 8 3.093859 32.750875 32.750875 0.000% 7 101 2 12 0.0001 24871 0.00005 1.24355 30 2 12435.50 10 30% 50% 10 45.98465 8.98 5.120784 54.964645 54.964645 0.000% 165 101 2 23 0.0001 24871 0.00005 1.24355 30 2 12435.50 10 30% 50% 50 107.7177 19.22 5.6044S9 126.937704 126.937704 0.000% 329 101 4 44 0.0001 24871 0.00005 1.24355 30 2 12435.50 10 30% 50% 100 230.7435 19.22 12.00539 249.963509 249.585125 0.151% 83 102 4 45 0.0001 24871 0.00005 1.24355 30 2 12435.50 10 30% 50% 150 332.76 24.32 13.68257 357.079973 357.079973 0.000% 6 101 5 56 0.0001 24871 0.00005 1.24355 30 2 12435.50 100 30% 50% 1 24.75088 62 0.399208 86.750875 86.750875 0.000% 7 101 2 17 0.0001 24871 0.00005 1.24355 30 2 12435.50 100 30% 50% 10 45.98465 62.98 0.730147 108.964645 108.964645 0.000% 165 101 2 28 0.0001 24871 0.00005 1.24355 30 2 12435.50 100 30% 50% 50 119.1953 62.98 1.89259 182.175321 182.175321 0.000% 159 101 2 29 0.0001 24871 0.00005 1.24355 30 2 12435.50 100 30% 50% 100 256.9751 62 4.14476 318.975137 318.975137 0.000% 384 101 2 110 0.0001 24871 0,00005 1.24355 30 2 12435.50 100 30% 50% 150 378.7312 62.98 6.013516 441.711236 441.711236 0.000% 668 101 2 211 0.0001 24871 0.00005 1.24355 30 2 12435.50 500 30% 50% 1 24.75088 302 0.081957 326.750875 326.750875 0,000% 7 101 2 112 0.0001 24871 0.00005 1.24355 30 2 12435.50 500 30% 50% 10 45.98465 302.98 0.151775 348.964645 348.964645 0.000% 167 101 2 213 0.0001 24871 0.00005 1.24355 30 2 12435.50 500 30% 50% 50 119.1953 302.98 0.39341 422.175322 422.175322 0.000% 159 101 2 214 0.0001 24871 0.00005 1.24355 30 2 12435.50 500 30% 50% 100 256.9751 302 0.850911 558.978138 558.975138 0.000% 384 101 2 115 0.0001 24871 0.00005 1.24355 30 2 12435.50 500 30% 50% 150 378.7312 302.98 1.250021 681.711236 681.711236 0.000% 435 101 2 216 0.0001 24871 0.00005 1.24355 30 2 12435.50 1000 30% 50% 1 24.78088 602 0.041114 626.750875 626.750875 0.000% 7 101 2 117 0.0001 24871 0,00005 1.24355 30 2 12435.50 1000 30% 50% 10 45.98465 602.98 0.076262 648.964645 648.964645 0.000% 165 101 2 218 0.0001 24871 0.00005 1.24355 30 2 12435.50 1000 30% 50% 50 119.1953 602.98 0.197677 722.175322 722.175322 0.000% 159 101 2 219 0.0001 24871 0.00005 1.24355 30 2 12435.50 1000 30% 50% -100 256.9751 602 0.426869 858.975138 858.975138 0.000% 384 101 2 120 0.0001 24871 0.00005 1.24355 30 2 12435.50 1000 30% 50% 150 378.7312 602.98 0.628099 981.711236 981.711236 0.000% 434 101 2 221 0.0001 24871 0.00005 1.24355 30 2 12435.50 5000 30% 50% 1 24.75088 3002 0.008245 3026.750875 3026.75088 0.000% 6 101 2 122 0.0001 24871 0.00005 1.24355 30 2 12435.50 5000 30% 50% 10 45.98465 3002.98 0.015313 3048.964645 3048.96465 0.000% 165 101 2 223 0.0001 24871 0.00005 1.24355 30 2 12435.50 5000 30% 50% 50 119.1953 3002.98 0.039692 3122.175321 3122.17532 0.000% 159 101 2 224 0.0001 24871 0.00005 1.24355 30 2 12435.50 5000 30% 50% 100 256.9751 3002 0.085601 3258.975137 3258.97514 0.000% 384 101 2 125 0.0001 24871 0.00005 1.24355 30 2 12435.50 5000 30% 50% 150 378.7312 3002.98 0.126118 3381.711237 3381.71124 0.000% 434 101 2 226 0.0001 24871 0.00005 1.24355 30 2 12435.50 10000 30% 50% 1 24.75088 6002 0.004124 6026.750875 6026.75088 0.000% 7 101 2 127 0.0001 24871 0.00005 1.24355 30 2 12435.50 10000 30% 50% 10 45.98465 6002.98 0.00766 6048.964645 6048.96465 0.000% 165 101 2 228 0.0001 24871 0.00005 1.24355 30 2 12435.50 10000 30% 50% 50 119.1953 6002.98 0.019856 6122.175321 6122.17532 0.000% 158 101 2 229 0.0001 24871 0.00005 1.24355 30 2 12435.50 10000 30% 50% 100 256.9751 6002 0.042815 6258.975137 6258.97514 0.000% 384 101 2 130 0.0001 24871 0.00005 1.24355 30 2 12435.50 10000 30% 50% 150 378.7312 6002.98 0.063091 6381.711236 6381.71124 0.000% 434 101 2 231 0.0001 24871 0.0005 12.4355 30 5 4974.20 10 30% 50% 1 237.8913 22.34 10.64867 260.23132 260.099916 0.051% 107 102 5 332 0.0001 24871 0.0005 12.4355 30 5 4974.20 10 30% 50% 10 376.2973 52.78 7.129543 429.077283 427.193464 0.439% 229 102 10 1033 0.0001 24871 0.0005 12.4355 30 5 4974.20 10 30% 50% 50 906.7875 82.17 11.03551 988.957451 987.412142 0.156% 21 102 15 1534 0.0001 24871 0.0005 12.4355 30 5 4974.20 10 30% 50% 100 2026.247 109.96 18.42713 2136.207189 2133.21201 0.140% 13 102 20 2035 0.0001 24871 0.0005 12.4355 30 5 4974.20 10 30% 50% 150 2935.161 121.32 24.19355 3056.480984 3054.47966 0.066% 21 102 22 2236 0.0001 24871 0.0005 12.4355 30 5 4974.20 100 30% 50% 1 237.8913 157.34 1.511957 395.23132 395.23132 0.000% 67 101 5 337 0.0001 24871 0.0005 12.4355 30 5 4974.20 100 30% 50% 10 422.9623 159.46 2.652466 582.422255 579.875325 0.437% 1608 102 5 538 0.0001 24871 0.0005 12.4355 30 5 4974.20 100 30% 50% 50 1009.634 234.97 4.296866 1244.604494 1238.84635 0.463% 605 102 7 739 0.0001 24871 0.0005 12.4355 30 5 4974.20 100 30% 50% 100 2182.223 291.04 7.498017 2473.262909 2466.20129 0.286% 56 102 9 8
40 0.0001 24871 0.0005 12.4355 30 5 4974.20 100 30% 50% 150 3146.527 326.13 9.648077 3472.657216 3465.88073 0.195% 138 102 10 9
41 0.0001 24871 0.0005 12.4355 30 5 4974.20 500 30% 50% 1 237.8913 757.34 0.314114 995.23132 995.23132 0.000% 67 101 5 3
42 0.0001 24871 0.0005 12.4355 30 5 4974.20 500 30% 50% 10 422.9623 759.46 0.556925 1182.422255 1178.63749 0.320% 1189 102 5 5
43 0.0001 24871 0.0005 12.4355 30 5 4974.20 500 30% 50% 50 1105.561 759.73 1.455202 1865.290808 1855.3729 0.532% 3724 107 5 5
44 0.0001 24871 0.0005 12.4355 30 5 4974.20 500 30% 50% 100 2363.346 764.88 3.089826 3128.226029 3117.48322 0.343% 68 102 5 3
45 0.0001 24871 0.0005 12.4355 30 5 4974.20 500 30% 50% 150 3475.117 764.88 4.543349 4239.996813 4227.06656 0.305% 157 102 5 3
46 0.0001 24871 0.0005 12.4355 30 5 4974.20 1000 30% 50% 1 237.8913 1507.34 0.157822 1745.23132 1746.23132 0.000% 67 101 5 3
47 0.0001 24871 0.0005 12.4355 30 5 4974.20 1000 30% 50% 10 422.9623 1509.46 0.280208 1932.422255 1928.63749 0.196% 1183 102 5 5
48 0.0001 24871 0.0005 12.4355 30 5 4974.20 1000 30% 50% 50 1105.561 1509.73 0.73229 2615.290808 2603.15749 0.464% 3256 102 5 5
49 0.0001 24871 0.0005 12.4355 30 5 4974.20 1000 30% 50% 100 2363.346 1514.88 1.560088 3878.226029 3867.48322 0.277% 69 102 5 3
50 0,0001 24871 0.0005 12.4355 30 5 4974.20 1000 30% 50% 150 3475.117 1514.88 2.293988 4989.996813 4977.06656 0.259% 91 102 5 3
51 0.0001 24871 0.0005 12.4355 30 5 4974.20 5000 30% 50% 1 237.8913 7507.34 0.031688 7745.23132 7745.23132 0.000% 67 101 5 3
52 0.0001 24871 0.0005 12.4355 30 5 4974.20 5000 30% 50% 10 422.9623 7509.46 0.056324 7932.422255 7928.63749 0.048% 1184 102 5 5
53 0.0001 24871 0.0005 12.4355 30 5 4974.20 5000 30% 50% 50 1105.561 7509.73 0.147217 8615.290808 8601.08748 0.165% 2556 102 5 5
54 0.0001 24871 0.0005 12.4355 30 5 4974.20 . 5000 30% 50% 100 2363.346 7514.88 0.314489 9878.226029 9867.48322 0.109% 68 102 5 3
55 0.0001 24871 0.0005 12.4355 30 5 4974.20 5000 30% 50% 150 3475.117 7514.88 0.462431 10989.99681 10977.0666 0.118% 91 102 5 3
56 0.0001 24871 0.0005 12.4355 30 5 4974.20 10000 30% 50% 1 237.8913 15007.34 0.015852 15245.23132 15245.2313 0.000% 67 101 5 3
57 0.0001 24871 0.0005 12.4355 30 5 4974.20 10000 30% 50% 10 422.9623 15009.46 0.02818 15432.42226 15428.6375 0.025% 1181 102 5 5
58 0.0001 24871 0.0005 12.4355 30 5 4974.20 10000 30% 50% 50 1105.561 15009.73 0.073656 16115.29081 16101.0875 0.088% 2558 102 5 5
59 0.0001 24871 0.0005 12.4355 30 5 4974.20 10000 30% 50% 100 2363.346 15014.88 0.1574 17378.22603 17367.4832 0.062% 68 102 5 3
60 0.0001 24871 0.0005 12.4355 30 5 4974.20 10000 30% 50% 150 3475.117 15014.88 0.231445 18489.99681 18475.2262 0.080% 94 102 5 3
2 0.0001 24871 0.001 24.8710.0001 24871 0.001 24.871 30 7 3553.00 10 30% 50%30 7 3553.00 10 30% 50% 1 468.6635 37.1 12.63244 505.763473 504.072824 0.334%10 723.1985 75.64 9.561059 798.838509 795.111089 0.467% 148 102 8 551 102 14 13
162
0.0001 24871 0.001 24.871 30
0.0001 24871 0.001 24.871 30
0.0001 24871 0.001 24871 3In
7 3553.00
7 3553.00
10 30% 50% 50 1793.757 108.87 16.47613 1902.626697 1894.72919 0.415%
10 30% 50% 100 4030.624 140.17 28.75525 4170.79394 4152.35846 0.442%
10 3j n 0 -/- 586442c
38 102 20
14 102 25
4 .. II....1 U007.09327 5982.2877 I V .4107% 15 102 26 2566 0.0001 24871 0.001 24.871 30 7 3553.00 100 30% 50% 1 475.1619 219.34 2.166326 694.50185 693.43339 0.154% 53 102 7 3
67 0.0001 24871 0.001 24.871 30 7 3553.00 100 30% 50% 10 805.3233 225.5 3.571279 1030.823319 1026.42039 0.427% 436 102 7 6
68 0.0001 24871 0.001 24.871 30 7 3553.00 100 30% 50% 50 1905.872 359.44 5.302336 2265.311731 2254.49601 0.477% 383 102 11 11
69 0.0001 24871 0.001 24.871 30 7 3553.00 100 30% 50% 100 4176.968 461.13 9.058115 4638.09835 4619.88956 0.393% 23 102 14 12
70 0.0001 24871 0.001 24.871 30 7 3553.00 100 30% 50% 150 6058.856 493.19 12.28503 6552.04589 6543.15117 0.136% 25 102 15 13
71 0.0001 24871 0.001 24.871 30 7 3553.00 500 30% 50% 1 475.1619 1059.34 0.448545 1534.50185 1533.43339 0.070% 53 102 7 3
72 0.0001 24871 0.001 24.871 30 7 3553.00 500 30% 50% 10 805.3233 1065.5 0.755817 1870.823319 1866.42039 0.235% 435 102 7 6
73 0.0001 24871 0.001 24.871 30 7 3553.00 500 30% 50% 50 2051.456 1074.97 1.908385 3126.42613 3126.08581 0.011% 490 102 7 7
74 0.0001 24871 0.001 24.871 30 7 3553.00 500 30% 50% 100 4629.552 1069.84 4.327331 5699.392216 5683.35121 0.282% 628 102 7 5
75 0.0001 24871 0.001 24.871 30 7 3553.00 500 30% 50% 150 6600.102 1224.04 5.392064 7824.141523 7807.29682 0.215% 115 102 8 6
76 0.0001 24871 0.001 24.871 30 7 3553.00 1000 30% 50% 1 475.1619 2109.34 0.225266 2584.50185 2583.43339 0.041% 53 102 7 3
77 0.0001 24871 0.001 24.871 30 7 3553.00 1000 30% 50% 10 805.3233 2115.5 0.380678 2920.823319 2916.42039 0.151% 435 102 7 6
78 0.0001 24871 0.001 24.871 30 7 3553.00 1000 30% 50% 50 2051.456 2124.97 0.965405 4176.42613 4176.08581 0.008% 492 102 7 7
79 0.0001 24871 0.001 24.871 30 7 3553.00 1000 30% 50% 100 4629.552 2119.84 2.183916 6749.392216 6719.59032 0.442% 502 102 7 580 0.0001 24871 0.001 24.871 30 7 3553.00 1000 30% 50% 150 6781.655 2123.04 3.194313 8904.694681 8877.60644 0.304% 842 102 7 6
81 0.0001 24871 0.001 24.871 30 7 3553.00 5000 30% 50% 1 475.1619 10509.34 0.045213 10984.50185 10983.4334 0.010% 53 102 7 3
82 0.0001 24871 0.001 24.871 30 7 3553.00 5000 30% 50% 10 805.3233 10515.5 0.076584 11320.82332 11316.4204 0.039% 437 102 7 683 0.0001 24871 0.001 24.871 30 7 3553.00 5000 30% 50% 50 2051.456 10524.97 0.194913 12576.42613 12576.0858 0.003% 490 102 7 7
84 0.0001 24871 0.001 24.871 30 7 3553.00 5000 30% 50% 100 4629.552 10519.84 0.440078 15149.39222 15115.5229 0.224% 323 102 7 5
85 0.0001 24871 0.001 24.871 30 7 3553.00 5000 30% 50% 150 6781.655 10523.04 0.644458 17304.69468 17247.4925 0.331% 448 102 7 6
86 0.0001 24871 0.001 24.871 30 7 3553.00 10000 30% 50% 1 475.1619 21009.34 0.022617 21484.50185 21483.4334 0.005% 53 102 7 3
87 0.0001 24871 0.001 24.871 30 7 3553.00 10000 30% 50% 10 805.3233 21015.5 0.03832 21820.82332 21816.4204 0.020% 436 102 7 6
88 0.0001 24871 0.001 24.871 30 7 3553.00 10000 30% 50% 50 2051.456 21024.97 0.097572 23076.42613 23076.0858 0.002% 491 102 7 7
89 0.0001 24871 0.001 24.871 30 7 3553.00 10000 30% 50% 100 4629.552 21019.84 0.220247 25649.39222 25615.5229 0.132% 324 102 7 5
90 0.0001 24871 0.001 24.871 30 7 3553.00 10000 30% 50% 150 6781.655 21023.04 0.322582 27804.69468 27747.4925 0.206% 448 102 7 6
91 0.0001 24871 0.005 124.355 30 20 1243.55 10 30% 50% 1 2232.323 134.59 16.5861 2366.913057 2362.44445 0.189% 53 102 26 19
92 0.0001 24871 0.005 124.355 30 20 1243.55 10 30% 50% 10 3484.349 148.61 23.44626 3632.95925 3629.65102 0.091% 53 102 28 21
93 0.0001 24871 0.005 124.355 30 20 1243.55 10 30% 50% 50 8807.505 181.24 48.59581 8988.7446 8986.89527 0.021% 15 102 33 26
94 0.0001 24871 0.005 124.355 30 20 1243.55 10 30% 50% 100 20019.55 233.16 85.86184 20252.70754 20174.427 0.387% 26 102 40 34
95 0.0001 24871 0.005 124.355 30 20 1243.55 10 30% 50% 150 29087.23 232.12 125.3112 29319.34541 29249.4594 0.238% 23 102 40 33
96 0.0001 24871 0.005 124.355 30 20 1243.55 100 30% 50% 1 2282.133 640.49 3.563104 2922.622608 2914.8452 0.266% 1957 102 20 13
97 0.0001 24871 0.005 124.355 30 20 1243.55 100 30% 50% 10 3581.465 684.67 5.230936 4266.134935 4246.93939 0.450% 1399 102 21 16
98 0.0001 24871 0.005 124.355 30 20 1243.55 100 30% 50% 50 8908.887 824.76 10.80179 9733.647482 9702.66502 0.318% 140 102 25 20
99 0.0001 24871 0.005 124.355 30 20 1243.55 100 30% 50% 100 20142.62 984.64 20.45684 21127.2637 21029.0864 0.465% 39 102 30 23
100 0.0001 24871 0.005 124.355 30 20 1243.55 100 30% 50% 150 29201.71 1078.7 27.0712 30280.40816 30162.5413 0.389% 34 102 33 26
101 0.0001 24871 0.005 124.355 30 20 1243.55 500 30% 50% 1 2279.474 3043.16 0.749048 5322.633972 5314.84039 0.146% 1068 102 20 13
102 0.0001 24871 0.005 124.355 30 20 1243.55 500 30% 50% 10 3636.519 3051.75 1.191618 6688.269295 6662.26474 0.389% 2797 102 20 16
103 0.0001 24871 0.005 124.355 30 20 1243.55 500 30% 50% 50 9133.896 3219.28 2.837248 12353.17533 12288.8286 0.521% 3733 107 21 17
104 0.0001 24871 0.005 124.355 30 20 1243.55 500 30% 50% 100 20801.76 3223.85 6.452458 24025.60772 23907.3124 0.492% 1187 102 21 15
105 0.0001 24871 0.005 124.355 30 20 1243.55 500 30% 50% 150 29750.51 3683.57 8.076541 33434.07582 33277.8521 0.467% 184 102 24 16
106 0.0001 24871 0.005 124.355 30 20 1243.55 1000 30% 50% 1 2279.474 6043.16 0.377199 8322.633973 8314.84039 0.094% 1108 102 20 13
107 0.0001 24871 0.005 124.355 30 20 1243.55 1000 30% 50% 10 3650.746 6047.84 0.603645 9698.585878 9655.91801 0.440% 1240 102 20 15
108 0.0001 24871 0.005 124.355 30 20 1243.55 1000 30% 50% 50 9347.078 6058.58 1.542784 15405.65833 15272.3411 0.865% 3718 107 20 15
109 0.0001 24871 0.005 124.355 30 20 1243.55 1000 30% 50% 100 20877.18 6367.65 3.278632 27244.83019 26951.4454 1.077% 3717 107 21 16
110 0.0001 24871 0.005 124.355 30 20 1243.55 1000 30% 50% 150 30283.59 6372.73 4.75206 36656.32406 36479.6378 0.482% 1621 102 21 15
111 0.0001 24871 0.005 124.355 30 20 1243.55 5000 30% 50% 1 2279.474 30043.16 0.075873 32322.63397 32314.8452 0.024% 1063 102 20 13
112 0.0001 24871 0.005 124.355 30 20 1243.55 5000 30% 50% 10 3650.746 30047.84 0.121498 33698.58588 33655.918 0.127% 1222 102 20 15
113 0.0001 24871 0.005 124.355 30 20 1243.55 5000 30% 50% 50 9347.078 30058.58 0.310962 39405.65833 39263.0893 0.362% 1500 102 20 15
114 0.0001 24871 0.005 124.355 30 20 1243.55 5000 30% 50% 100 21118.15 30063.45 0.702453 51181.60294 50941.7834 0.469% 1389 102 20 15
115 0.0001 24871 0.005 124.355 30 20 1243.55 5000 30% 50% 150 30676.89 30061.56 1.020469 60738.45463 60546.7932 0.316% 2681 102 20 14
116 0.0001 24871 0.005 124.355 30 20 1243.55 10000 30% 50% 1 2279.474 60043.16 0.037964 62322.63397 62314.8754 0.012% 910 102 20 13
117 0.0001 24871 0.005 124.355 30 20 1243.55 10000 30% 50% 10 3650.746 60047.84 0.060797 63698.58588 63655.918 0.067% 1191 102 20 15
118 0.0001 24871 0.005 124.355 30 20 1243.55 10000 30% 50% 50 9347.078 60058.58 0.155633 69405.65833 69263.0893 0.205% 1498 102 20 15
119 0.0001 24871 0.005 124.355 30 20 1243.55 10000 30% 50% 100 21118.15 60063.45 0.351597 81181.60294 80941.7834 0.295% 1529 102 20 15
120 0.0001 24871 0.005 124.355 30 20 1243.55 10000 30% 50% 150 30797.81 60063.45 0.512755 90861.26221 90504.3335 0.393% 1685 102 20 15
121 0.0001 24871 0.01 248.71 30 35 710.60 10 30% 50% 1 4445.893 195.95 22.68892 4641.842897 4629.42704 0.268% 192 102 38 24
122 0.0001 24871 0.01 248.71 30 35 710.60 10 30% 50% 10 6922.356 229.47 30.16671 7151.825811 7143.52323 0.116% 63 102 42 27
123 0.0001 24871 0.01 248.71 30 35 710.60 10 30% 50% 50 17559.68 271.68 64.63367 17831.35573 17816.1088 0.086% 21 102 48 33
124 0.0001 24871 0.01 248.71 30 35 710.60 10 30% 50% 100 39894.61 291.02 137.0855 40185.63261 40160.2741 0.063% 26 102 51 35
125 0.0001 24871 0.01 248.71 30 35 710.60 10 30% 50% 150 58027.41 285.43 203.2982 58312.8356 58302.5091 0.018% 16 102 51 35
126 0.0001 24871 0.01 248.71 30 35 710.60 100 30% 50% 1 4482.321 1124.47 3.986163 5606.790706 5584.04499 0.406% 826 102 35 21
127 0.0001 24871 0.01 248.71 30 35 710.60 100 30% 50% 10 6991.271 1201.83 5.817188 8193.100549 8153.98691 0.477% 1673 102 37 24
128 0.0001 24871 0.01 248.71 30 35 710.60 100 30% 50% 50 17651.38 1297.16 13.60771 18948.54099 18885.4728 0.333% 192 102 40 26
129 0.0001 24871 0.01 248.71 30 35 710.60 100 30% 50% 100 40043.94 1372.17 29.18293 41416.11022 41360.0439 0.135% 34 102 42 26








35 710.60 500 30% 50% 1
35 710.60 500 30% 50% 50
35 710.60 500 30% 50% 100
35 710.60 500 30% 50% 100
4462.21 5324.47 0.841834 9806.790706 9784.04499 0.232% 794 102
7087.83 5331.65 1.329388 12419.48043 12357.9896 0.495% 858 102
17878.27 5494.05 3.254115 23372.31808 23255,6626 0.499% 3250 102

















135 0.0001 24871 0.01 248.71 30 35 710.60 500 30% 50% 150 58882.63 5650.85 10.42014 64533.48252 64240.2902 0.454% 307 102 37 21
136 0.0001 24871 0.01 248.71 30 35 710.60 1000 30% 50% 1 4482.321 10574.47 0.423881 15056.79071 15034.045 0.151% 792 102 35 21
137 0.0001 24871 0.01 248.71 30 35 710.60 1000 30% 50% 10 7087.83 10581.65 0.669823 17669.48043 17601.2139 0.386% 782 102 35 20
138 0.0001 24871 0.01 248.71 30 35 710.60 1000 30% 50% 50 18033.69 10600.58 1.701198 28634.26859 28514.6524 0.418% 2682 102 35 23
139 0.0001 24871 0.01 248.71 30 35 710.60 1000 30% 50% 100 40960.71 10593.45 3.866607 51554.1571 51281.8426 0.528% 3721 107 35 20
140 0.0001 24871 0.01 248.71 30 35 710.60 1000 30% 50% 150 58809.58 11207.14 5.24751 70016.71623 69767.6385 0.356% 2599 102 37 23
141 0.0001 24871 0.01 248.71 30 35 710.60 5000 30% 50% 1 4482.321 52574.47 0.085257 57056.79071 57034.045 0.040% 830 102 35 21
142 0.0001 24871 0.01 248.71 30 35 710.60 5000 30% 50% 10 7087.83 52581.65 0.134797 59669.48043 59601.2139 0.114% 834 102 35 20
143 0.0001 24871 0.01 248.71 30 35 710.60 5000 30% 50% 50 18073.49 52591.22 0.34366 70664.71046 70466.3335 0.281% 1103 102 35 21
144 0.0001 24871 0.01 248.71 30 35 710.60 5000 30% 50% 100 40960.71 52593.45 0.778818 93554.1571 93175.1037 0.405% 684 102 35 20
145 0.0001 24871 0.01 248.71 30 35 710.60 5000 30% 50% 150 59620.94 52597.39 1.133534 112218.3267 111681.781 0.478% 688 102 35 20
146 0.0001 24871 0.01 248.71 30 35 710.60 10000 30% 50% 1 4482.321 105074,5 0.042659 109556.7907 109534.045 0.021% 861 102 35 21
147 0.0001 24871 0.01 248.71 30 35 710.60 10000 30% 50% 10 7087.83 105081.7 0.067451 112169.4804 112101.214 0.061% 825 102 35 20
148 0.0001 24871 0.01 248.71 30 35 710.60 10000 30% 50% 50 18073.49 105091.2 0.171979 123164.7105 122966.333 0.161% 1151 102 35 21
149 0.0001 24871 0.01 248.71 30 35 710.60 10000 30% 50% 100 40960.71 105093.5 0.389755 146054.1571 145675.104 0.260% 609 102 35 20
150 0.0001 24871 0.01 248.71 30 35 710.60 10000 30% 50% 150 59620.94 105097.4 0.567292 164718.3267 164181.781 0.326% 705 102 35 20
151 0.0001 24871 0.05 1243.55 30 133 187.00 10 30% 50% 1 22058.88 694.44 31.76499 22753.322 22726.9878 0.116% 65 102 134 43
152 0.0001 24871 0.05 1243.55 30 133 187.00 10 30% 50% 10 34498.03 721.7 47.80107 35219.73064 35192.4586 0.077% 44 102 136 46
153 0.0001 24871 0.05 1243.55 30 133 187.00 10 30% 50% 50 87665.56 773.15 113.3875 88438.70743 88383.9921 0.062% 35 102 143 51
154 0.0001 24871 0.05 1243.55 30 133 187.00 10 30% 50% 100 199436.1 755.48 263.9859 200191.5366 200081.768 0.055% 35 102 141 49
155 0.0001 24871 0.05 1243.55 30 133 187.00 10 30% 50% 150 290095.2 765.49 378.9667 290860.7311 290777.413 0.029% 37 102 143 50
156 0.0001 24871 0.05 1243.55 30 133 187.00 100 30% 50% 1 22079.44 4280.44 5.158216 26359.8755 26321.1742 0.147% 138 102 133 43
157 0.0001 24871 0.05 1243.55 30 133 187.00 100 30% 50% 10 34512.3 4329.94 7.970618 38842.23793 38792.2926 0.129% 63 102 134 45
158 0.0001 24871 0.05 1243.55 30 133 187.00 100 30% 50% 50 87790.45 4340 20.22821 92130.44564 92019.4312 0.121% 48 102 134 48
159 0.0001 24871 0.05 1243.55 30 133 187.00 100 30% 50% 100 199440.6 4499.83 44.3218 203940.3856 203727.351 0.105% 48 102 139 49
160 0.0001 24871 0.05 1243.55 30 133 187.00 100 30% 50% 150 290291.6 4393.83 66.06802 294685.4809 294419.015 0.090% 46 102 136 48
161 0.0001 24871 0.05 1243.55 30 133 187.00 500 30% 50% 1 22079.44 20240.44 1.090857 42319.8755 42281.1742 0.091% 140 102 133 43
162 0.0001 24871 0.05 1243.55 30 133 187.00 500 30% 50% 10 34540.9 20257.14 1.705122 54798.03657 54752.2926 0.084% 83 102 133 45
163 0.0001 24871 0.05 1243.55 30 133 187.00 500 30% 50% 50 87866.24 20267.2 4.335391 108133.4447 107986.876 0.136% 79 102 133 48
164 0.0001 24871 0.05 1243.55 30 133 187.00 500 30% 50% 100 199691.6 20419.15 9.779623 220110.7324 219765.128 0.157% 55 102 134 48
165 0.0001 24871 0.05 1243.55 30 133 187.00 500 30% 50% 150 290291.7 20713.83 14.01439 311005.4809 310462.311 0.175% 52 102 136 48
166 0.0001 24871 0.05 1243.55 30 133 187.00 1000 30% 50% 1 22079.44 40190.44 0.54937 62269.8755 62231.1742 0.062% 138 102 133 43
167 0.0001 24871 0.05 1243.55 30 133 187.00 1000 30% 50% 10 34540.9 40207.14 0.859074 74748.03657 74702.2926 0.061% 82 102 133 45
168 0.0001 24871 0.05 1243.55 30 133 187.00 1000 30% 50% 50 87866.24 40217.2 2.184793 128083.4447 127936.876 0.114% 77 102 133 48
169 0.0001 24871 0.05 1243.55 30 133 187.00 1000 30% 50% 100 199657.5 40518.69 4.92754 240176.1428 239741.927 0.181% 81 102 134 47
170 0.0001 24871 0.05 1243.55 30 133 187.00 1000 30% 50% 150 290506.7 40510.72 7.171107 331017.4299 330505.968 0.155% 55 102 134 46
171 0.0001 24871 0.05 1243.55 30 133 187.00 5000 30% 50% 1 22079.44 199790.4 0.110513 221869.8755 221831.174 0.017% 136 102 133 43
172 0.0001 24871 0.05 1243.55 30 133 187.00 5000 30% 50% 10 34540.9 199807.1 0.172871 234348.0366 234302.293 0.020% 82 102 133 45
173 0.0001 24871 0.05 1243.55 30 133 187.00 5000 30% 50% 50 87866.24 199817.2 0.439733 287683.4447 287536.876 0.051% 77 102 133 48
174 0.0001 24871 0.05 1243.55 30 133 187.00 5000 30% 50% 100 199933.1 199816.8 1.000582 399749.9291 399341.927 0.102% 93 102 133 47
175 0.0001 24871 0.05 1243.55 30 133 187.00 5000 30% 50% 150 290878.4 199809.3 1.45578 490687.6935 490120.577 0.116% 99 102 133 46
176 0.0001 24871 0.05 1243.55 30 133 187.00 10000 30% 50% 1 22079.44 399290.4 0.055297 421369.8755 421331.174 0.009% 138 102 133 43
177 0.0001 24871 0.05 1243.55 30 133 187.00 10000 30% 50% 10 34540.9 399307.1 0.086502 433848.0366 433802.293 0.011% 81 102 133 45
178 0.0001 24871 0.05 1243.55 30 133 187.00 10000 30% 50% 50 87866.24 399317.2 0.220041 487183.4447 487036.876 0.030% 76 102 133 48
179 0.0001 24871 0.05 1243.55 30 133 187.00 10000 30% 50% 100 199933.1 399316.8 0.500688 599249.9291 598841.927 0.068% 98 102 133 47
180 0.0001 24871 0.05 1243.55 30 133 187.00 10000 30% 50% 150 290878.4 399309.3 0.728454 690187.6935 689620.577 0.082% 100 102 133 46
181 0.0001 24871 0.1 2487.1 30 248 100.29 10 30% 50% 1 44076.11 1293.45 34.07639 45369.55607 45336.108 0.074% 52 102 251 47
182 0.0001 24871 0.1 2487.1 30 248 100.29 10 30% 50% 10 68975.36 1337.16 51.58347 70312.51751 70250.0086 0.089% 49 102 253 49
183 0.0001 24871 0.1 2487.1 30 248 100.29 10 30% 50% 50 175361.5 1368.36 128.1545 176729.8981 176615.685 0.065% 37 102 254 53
184 0.0001 24871 0.1 2487.1 30 248 100.29 10 30% 50% 100 398887.5 1353.45 294.719 400240.9007 400017.94 0.056% 39 102 255 52
185 0.0001 24871 0.1 2487.1 30 248 100.29 10 30% 50% 150 580564.1 1342.41 432.4789 581906.4764 581415.077 0.084% 41 102 253 51
186 0.0001 24871 0.1 2487.1 30 248 100.29 100 30% 50% 1 44106.13 7970.48 5.533685 52076.60675 52032.1497 0.085% 77 102 248 47
187 0.0001 24871 0.1 2487.1 30 248 100.29 100 30% 50% 10 69028.43 8000.61 8.627896 77029.03945 76948.4062 0.105% 55 102 248 49
188 0.0001 24871 0.1 2487.1 30 248 100.29 100 30% 50% 50 175483.1 8059.56 21.77328 183542.6319 183344.955 0.108% 44 102 249 51
189 0.0001 24871 0.1 2487.1 30 248 100.29 100 30% 50% 100 399021.2 8141.71 49.00951 407162.8912 406748.238 0.102% 51 102 252 52
190 0.0001 24871 0.1 2487.1 30 248 100.29 100 30% 50% 150 580636.8 8034.69 72.26623 588671.4725 588126.498 0.093% 43 102 249 49
191 0.0001 24871 0.1 2487.1 30 248 100.29 500 30% 50% 1 44106.13 37730.48 1.168979 81836.60675 81792.1497 0.054% 76 102 248 47
192 0.0001 24871 0.1 2487.1 30 248 100.29 500 30% 50% 10 69031.47 37763.1 1.828014 106794.5739 106708.406 0.081% 64 102 248 49
193 0.0001 24871 0.1 2487.1 30 248 100.29 500 30% 50% 50 175577 37784.75 4.646769 213361.7423 213104.955 0.120% 71 102 248 52
194 0.0001 24871 0.1 2487.1 30 248 100.29 500 30% 50% 100 399337.7 37767.94 10.57346 437105.644 436501.411 0.138% 53 102 248 51
195 0.0001 24871 0.1 2487.1 30 248 100.29 500 30% 50% 150 580639.2 37914.11 15.31459 618553.3158 617902.72 0.105% 48 102 249 49
196 0.0001 24871 0.1 2487.1 30 248 100.29 1000 30% 50% 1 44106.13 74930.48 0.588627 119036.6068 118992.15 0.037% 76 102 248 47
197 0.0001 24871 0.1 2487.1 30 248 100.29 1000 30% 50% 10 69031.47 74963.1 0.920873 143994.5739 143908.406 0.060% 65 102 248 49
198 0.0001 24871 0.1 2487.1 30 248 100.29 1000 30% 50% 50 175554.7 74988.9 2.341076 250543.6142 250304.955 0.095% 74 102 248 51
199 0.0001 24871 0.1 2487.1 30 248 100.29 1000 30% 50% 100 399337.7 74967.94 5.32678 474305.644 473709.835 0.126% 82 102 248 51
200 0.0001 24871 0.1 2487.1 30 248 100.29 1000 30% 50% 150 580921.4 74959.94 7.749758 655881.3696 655116.107 0.117% 50 102 248 49
201 0.0001 24871 0.1 2487.1 30 248 100.29 5000 30% 50% 1 44106.13 372530.5 0.118396 416636.6068 416592.15 0.011% 76 102 248 47
202 0.0001 24871 0.1 2487.1 30 248 100.29 5000 30% 50% 10 69031.47 372563.1 0.185288 441594.5739 441508.406 0.020% 64 102 248 49
203 0.0001 24871 0.1 2487.1 30 248 100.29 5000 30% 50% 50 175554.7 372588.9 0.471175 548143.6142 547904.955 0.044% 75 102 248 51
204 0.0001 24871 0.1 2487.1 30 248 100.29 5000 30% 50% 100 399333.4 372568.7 1.071838 771902.0392 771309.835 0.077% 81 102 248 51
205 0.0001 24871 0.1 2487.1 30 248 100.29 5000 30% 50% 150 581034.6 372558.5 1.559579 953593.1231 952737.207 0.090% 59 102 248 49














2487.1 30 248 100.29 10000 30% 50% 10 69031.47 744563.1 0.092714 813594.5739 813508.406 0.011%
2487.1 30 248 100.29 10000 30% 50% 50 175554.7 744588.9 0.235774 920143.6142 919904.955 0.026%
2487.1 30 248 100.29 10000 30% 50% 100 399333.4 744568.7 0.536328 1143902.039 1143309.83 0.052%
2487.1 30 248 100.29 10000 30% 50% 150 581034.6 744558.5 0.780375 1325593.123 1324737.21 0.065%
58 102 248

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix A3. Inventory Level Analysis.
Inventory Level vs. Part Weight and Part
Cost for Failure Rate 0.00005
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Appendix A4. Distinct Stocking Locations Analysis.
Number of Distinct Stocking Locations
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Appendix B1. FSL Capacity and Rent/Sqft























































































































































































































































-- A KANSA A BA LINA * Sqft




ALKMA 7.4 to 8.4 (6)
6.4 to 7.4 (7)
06 to 6.4 (4)
4.9 to 6 (12)
Ej 2.1 to 4.9 (8)
Appendix C1. Generic SKU Groups.
Population 248709873
Index Installation # Failure Expected # Supplier Minimum Sharing Part Cost Part
%Population Installations Rate Failures Leadtime Inventory Factor Weight
(annual) (days) (CW) (Ibs)
1 0.0001 24871 0.0001 2.4871 30 2 12435.50 10 1
2 0.0001 24871 0.0001 2.4871 30 2 12435.50 10 10
3 0.0001 24871 0.0001 2.4871 30 2 12435.50 10 50
4 0.0001 24871 0.0001 2.4871 30 2 12435.50 10 150
5 0.0001 24871 0.0001 2.4871 30 2 12435.50 100 1
6 0.0001 24871 0.0001 2.4871 30 2 12435.50 100 10
7 0.0001 24871 0.0001 2.4871 30 2 12435.50 100 50
8 0.0001 24871 0.0001 2.4871 30 2 12435.50 100 150
9 0.0001 24871 0.0001 2.4871 30 2 12435.50 500 1
10 0.0001 24871 0.0001 2.4871 30 2 12435.50 500 10
11 0.0001 24871 0.0001 2.4871 30 2 12435.50 500 50
12 0.0001 24871 0.0001 2.4871 30 2 12435.50 500 150
13 0.0001 24871 0.0001 2.4871 30 2 12435.50 1000 1
14 0.0001 24871 0.0001 2.4871 30 2 12435.50 1000 10
15 0.0001 24871 0.0001 2.4871 30 2 12435.50 1000 50
16 0.0001 24871 0.0001 2.4871 30 2 12435.50 1000 150
17 0.0001 24871 0.001 24.871 30 7 3553.00 10 1
18 0.0001 24871 0.001 24.871 30 7 3553.00 10 10
19 0.0001 24871 0.001 24.871 30 7 3553.00 10 50
20 0.0001 24871 0.001 24.871 30 7 3553.00 10 150
21 0.0001 24871 0.001 24,871 30 7 3553.00 100 1
22 0.0001 24871 0.001 24.871 30 7 3553.00 100 10
23 0.0001 24871 0.001 24.871 30 7 3553.00 100 50
24 0.0001 24871 0.001 24.871 30 7 3553.00 100 150
25 0.0001 24871 0.001 24.871 30 7 3553.00 500 1
26 0.0001 24871 0.001 24.871 30 7 3553.00 500 10
27 0.0001 24871 0.001 24.871 30 7 3553.00 500 50
28 0.0001 24871 0.001 24.871 30 7 3553.00 500 150
29 0.0001 24871 0.001 24.871 30 7 3553.00 1000 1
30 0.0001 24871 0.001 24.871 30 7 3553.00 1000 10
31 0.0001 24871 0.001 24.871 30 7 3553.00 1000 50
32 0.0001 24871 0.001 24.871 30 7 3553.00 1000 150
33 0.0001 24871 0.01 248.71 30 35 710.60 10 1
34 0.0001 24871 0.01 248.71 30 35 710.60 10 10
35 0.0001 24871 0.01 248.71 30 35 710.60 10 50
36 0.0001 24871 0.01 248.71 30 35 710.60 10 150
37 0.0001 24871 0.01 248.71 30 35 710.60 100 1
38 0.0001 24871 0.01 248.71 30 35 710.60 100 10
39 0.0001 24871 0.01 248.71 30 35 710.60 100 50
40 0.0001 24871 0.01 248.71 30 35 710.60 100 150
41 0.0001 24871 0.01 248.71 30 35 710.60 500 1
42 0.0001 24871 0.01 248.71 30 35 710.60 500 10
43 0.0001 24871 0.01 248.71 30 35 710.60 500 50
44 0.0001 24871 0.01 248.71 30 35 710.60 500 150
45 0.0001 24871 0.01 248.71 30 35 710.60 1000 1
46 0.0001 24871 0.01 248.71 30 35 710.60 1000 10
47 0.0001 24871 0.01 248.71 30 35 710.60 1000 50
48 0.0001 24871 0.01 248.71 30 35 710.60 1000 150
49 0.0001 24871 0.1 2487.1 30 248 100.29 10 1
50 0.0001 24871 0.1 2487.1 30 248 100.29 10 10
51 0.0001 24871 0.1 2487.1 30 248 100.29 10 50
52 0.0001 24871 0.1 2487.1 30 248 100.29 10 150
53 0.0001 24871 0.1 2487.1 30 248 100.29 100 1
54 0.0001 24871 0.1 2487.1 30 248 100.29 100 10
55 0.0001 24871 0.1 2487.1 30 248 100.29 100 50
56 0.0001 24871 0.1 2487.1 30 248 100.29 100 150
57 0.0001 24871 0.1 2487.1 30 248 100.29 500 1
58 0.0001 24871 0.1 2487.1 30 248 100.29 500 10
59 0.0001 24871 0.1 2487.1 30 248 100.29 500 50
60 0.0001 24871 0.1 2487.1 30 248 100.29 500 150
61 0.0001 24871 0.1 2487.1 30 248 100.29 1000 1
62 0.0001 24871 0.1 2487.1 30 248 100.29 1000 10
63 0.0001 24871 0.1 2487.1 30 248 100.29 1000 50
64 0.0001 24871 0.1 2487.1 30 248 100.29 1000 150
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4088 834 3 0
653 655 849 247
53 150 83 180
29 14 29 48
4823 1653 964 475
Weight
1 10 50 150
1224 263 0 0
143 144 127 19
10 8 5 29
1 2 3 8
1378 417 135 56
Weight
1 10 50 150
989 207 0 0
66 50 47 5
2 2 0 16
0 0 1 0
1057 259 48 21
Weight
1 10 50 150
349 41 0 0
5 6 15 1
0 0 0 8
0 0 0 0














































Appendix C3. Inventory Optimization Summary
20% Volume 40% Volume 60% Volume 80% Volume
State Code State Name Capacity Usage Utilization Usage Utilization Usage Utilization Usage Utilization
AL Alabama 26130 1300 5% 7368.87 28% 26003.9 100% 23219.8 89%
AR Arkansas 14750 3603 24% 12229.6 83% 14750 100% 14750 100%
AZ Arizona 82472 9900 12% 21100 26% 30658.3 37% 41938.4 51%
CA California 333756 61200 18% 133500 40% 198968 60% 273931 82%
CO Colorado 37420 10300 28% 21783 58% 32500 87% 37420 100%
CT Connecticut 16408 0 0% 900 5% 0 0% 1649.18 10%
DE Delaware 3700 3700 100% 3700 100% 3700 100% 3700 100%
FL Florida 106434 26200 25% 57000 54% 84300 79% 106004 100%
GA Georgia 146814 13700 9% 29866.1 20% 48279.8 33% 146814 100%
IA Iowa 11400 4100 36% 10700 94% 11400 100% 11400 100%
ID Idaho 11704 1940 17% 5940 51% 11704 100% 11704 100%
IL Illinois 297029 200 0% 835.563 0% 7153.18 2% 85352.7 29%
IN Indiana 141934 297 0% 1435.56 1% 875.94 1% 91161.2 64%
KS Kansas 9800 8500 87% 9800 100% 9800 100% 9800 100%
KY Kentucky 692135 174503 25% 375422 54% 648166 94% 692135 100%
LA Louisiana 13976 4800 34% 12119.9 87% 13976 100% 13976 100%
MA Massachusetts 67761 15344.1 23% 42481 63% 67761 100% 67761 100%
MD Maryland 27271 27271 100% 27271 100% 27271 100% 27271 100%
ME Maine 3045 0 0% 0 0% 0 0% 310.003 10%
Ml Michigan 49730 1900 4% 6800 14% 18019.8 36% 41490.6 83%
MN Minnesota 25601 10800 42% 22696.4 89% 25601 100% 25203.3 98%
MO Missouri 27974 1700 6% 5590.23 20% 22098.1 79% 27810 99%
MS Mississippi 10000 9600 96% 10000 100% 10000 100% 9337.59 93%
MT Montana 1360 1360 100% 1360 100% 1360 100% 1360 100%
NC N Carolina 58066 13203 23% 29682 51% 49543.7 85% 58066 100%
ND N Dakota 1443 1200 83% 1443 100% 1443 100% 1443 100%
NE Nebraska 10000 7000 70% 10000 100% 10000 100% 10000 100%
NH New Hampshire 697 697 100% 697 100% 697 100% 697 100%
NJ New Jersey 55769 0 0% 0 0% 751 1% 14138.7 25%
NM New Mexico 17891 3300 18% 7300 41% 11158.4 62% 17891 100%
NV Nevada 16000 1200 8% 4200 26% 5150.47 32% 10540 66%
NY New York 128915 60880 47% 128915 100% 128915 100% 128915 100%
OH Ohio 44673 0 0% 0 0% 0 0% 6069.46 14%
OK Oklahoma 15900 8200 52% 15900 100% 15900 100% 15900 100%
OR Oregon 28341 15600 55% 27733.9 98% 27226.8 96% 28341 100%
PA Pennsylvania 47651 5286.72 11% 37101.3 78% 47651 100% 47651 100%
SC S Carolina 15170 10500 69% 13898.3 92% 15170 100% 15170 100%
SD S Dakota 751 0 0% 512.113 68% 751 100% 751 100%
TN Tennessee 76100 0 0% 900 1% 1502 2% 72047.4 95%
TX Texas 213205 32500 15% 75235.6 35% 112054 53% 147498 69%
UT Utah 15020 6800 45% 14200 95% 15020 100% 15020 100%
VA Virginia 56847 17801.2 31% 44646.4 79% 56847 100% 56847 100%
VT Vermont 4800 4655.8 97% 4800 100% 4800 100% 4800 100%
WA Washington 32891 0 0% 7261.84 22% 23709.5 72% 32891 100%
WI Wisconsin 24916 6241.2 25% 17800 71% 24916 100% 24916 100%
WV West Virginia 3750 200 5% 600 16% 1100 29% 3750 100%
WY Wyoming 217 100 46% 217 100% 200 92% 217 100%
Solution Run Time (seconds) 282 734 1216 2230
Total Cost $ 1,116,550 $ 3,336,140 $ 4,548,800 $ 6,228.960
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E0.8 to 1 (8)
0.6 to 0.8 (2)
0.4 to 0.6 (6)
0.2 to 0.4 (10)
0 to 0.2 (21)
----------





M ~0.6 to 0.8 (5)
L0.4 to 0.6 (6)
L0.2 to 0.4 (7)













~0.6 to 0.8 (4)
El0.4 to 0.6 (2)
D0.2 to 0.4 (5)
Elo to 0.2 (7)
0~j







*0.82 to 1 (38)
~I0.64 to 0.82 (3)
ELI0.46 to 0.64 (1)
D10.28 to 0.46 (1)
Zl 0.1 to 0.28 (4)
1NI
Appendix D1. Unconstrained Plan Summary
1 1 20% Volume 40%Volume 60%Volume 80% Volume 100% Volume




















































































































































































































































































































































































































































































































































































Solution Run Time (seconds) 70 97 98 104 104
Total Cost 1 $ 1,113,420 $ 3,337,180 $ 4,526,450 $ 6,136,210 $ 7,319,910 1
,
.. , 1152%












E 1.5 to 194 (5)
LI1 to 1.5 (2)E0.8 to 1 (1)
I0.7 to 0.8 (1)
S0.5 to 0.7 (4)
S0.4 to 0.5 (5)
El0.3 to 0.4 (1)
El 0.2 to 0.3 (6)
D 0.1 to 0.2 (4)
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Appendix D3. Unconstrained Plan at 40% Volume.






1.l1 to 424 (11)
~0.8 to 1. 1 (8)N 0.3 to 0.8 (8)
0.2 to 0.3 (2)
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* 2.1 to 626 (11)
I 0.8 to 2.1 (8)
ED 0.4 to 0.8 (8)
E 0.2 to 0.4 (7)
l to 0.2 (13)
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1.1 to 2.9 (9)
S0.8 to 1. 1 (8)
E 0.1 to 0.8 (8)
EO to 0.1 (12)
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Appendix El. Single SKU Network Optimization Objective Function
Index Failure Part Cost Part 25% 50% 50% 100% Volume 25->50 50->75 75->100
Rate Weight Volume Volume Volume Objective %increase %increase %increase
(Ibs) Objective Objective Objective
1 0.0001 10 1 1,958,270 5,294,640 10,088,300 16,684,300 170.4% 90.5% 65.4%
2 0.0001 10 10 2,135,600 5,667,720 10,657,400 17,463,700 165.4% 88.0% 63.9%
3 0.0001 10 50 3,738,650 9,126,420 16,184,400 24,871,500 144.1% 77.3% 53.7%
4 0.0001 10 150 4,689,770 11,224,700 19,274,600 29,238,900 139.3% 71.7% 51.7%
5 0.0001 100 1 2,633,270 6,643,780 12,113,300 19,386,500 152.3% 82.3% 60.0%
6 0.0001 100 10 2,810,600 7,021,300 12,652,000 20,152,500 149.8% 80.2% 59.3%
7 0.0001 100 50 4,413,650 10,460,900 18,234,700 27,571,600 137.0% 74.3% 51.2%
8 0.0001 100 150 5,374,310 12,506,800 21,377,900 31,924,200 132.7% 70.9% 49.3%
9 0.0001 500 1 5,633,270 12,643,800 21,113,300 31,386,500 124.4% 67.0% 48.7%
10 0.0001 500 10 5,810,600 13,017,700 21,679,100 32,144,600 124.0% 66.5% 48.3%
11 0.0001 500 50 7,413,650 16,508,800 27,235,000 39,567,000 122.7% 65.0% 45.3%
12 0.0001 500 150 8,376,400 18,514,300 30,432,700 43,901,300 121.0% 64.4% 44.3%
13 0.0001 1000 1 9,383,270 20,143,800 32,363,300 46,386,500 114.7% 60.7% 43.3%
14 0.0001 1000 10 9,560,600 20,522,400 32,928,900 47,144,600 114.7% 60.5% 43.2%
15 0.0001 1000 50 11,163,700 23,943,400 38,444,100 54,573,400 114.5% 60.6% 42.0%
16 0.0001 1000 150 12,114,800 26,058,900 41,716,000 58,923,600 115.1% 60.1% 41.2%
17 0.001 10 1 2,315,410 6,061,260 11,264,200 18,309,600 161.8% 85.8% 62.5%
18 0.001 10 10 2,829,210 7,129,080 12,908,400 20,598,000 152.0% 81.1% 59.6%
19 0.001 10 50 7,447,550 17,194,100 28,262,000 42,312,800 130.9% 64.4% 49.7%
20 0.001 10 150 10,154,300 23,135,800 36,597,800 55,238,400 127.8% 58.2% 50.9%
21 0.001 100 1 2,990,770 7,411,740 13,299,200 21,007,300 147.8% 79.4% 58.0%
22 0.001 100 10 3,504,570 8,487,350 14,987,200 23,271,300 142.2% 76.6% 55.3%
23 0.001 100 50 8,122,910 18,526,300 30,351,500 45,038,100 128.1% 63.8% 48.4%
24 0.001 100 150 10,830,800 24,406,700 38,981,500 57,401,500 125.3% 59.7% 47.3%
25 0.001 500 1 5,992,370 13,412,400 22,299,200 33,004,800 123.8% 66.3% 48.0%
26 0.001 500 10 6,506,170 14,478,200 23,939,400 35,313,600 122.5% 65.3% 47.5%
27 0.001 500 50 11,124,500 24,524,200 39,431,000 56,966,700 120.5% 60.8% 44.5%
28 0.001 500 150 13,867,600 30,465,600 48,215,900 69,767,600 119.7% 58.3% 44.7%
29 0.001 1000 1 9,744,370 20,910,600 33,584,300 47,986,500 114.6% 60.6% 42.9%
30 0.001 1000 10 10,258,200 21,984,800 35,260,700 50,284,200 114.3% 60.4% 42.6%
31 0.001 1000 50 14,876,500 32,079,500 51,029,400 71,008,200 115.6% 59.1% 39.2%
32 0.001 1000 150 17,619,600 37,795,500 59,879,900 84,849,500 114.5% 58.4% 41.7%
33 0.01 10 1 2,874,280 7,216,300 13,094,600 20,382,700 151.1% 81.5% 55.7%
34 0.01 10 10 3,899,480 9,340,970 16,124,200 24,025,300 139.5% 72.6% 49.0%
35 0.01 10 50 13,163,400 27,580,600 42,194,700 60,497,800 109.5% 53.0% 43.4%
36 0.01 10 150 18,112,100 37,559,400 55,453,800 80,854,300 107.4% 47.6% 45.8%
37 0.01 100 1 3,551,530 8,579,550 15,217,000 23,172,200 141.6% 77.4% 52.3%
38 0.01 100 10 4,560,770 10,616,900 18,204,500 26,615,000 132.8% 71.5% 46.2%
39 0.01 100 50 13,758,400 28,973,500 44,308,700 64,510,000 110.6% 52.9% 45.6%
40 0.01 100 150 19,297,100 38,919,900 57,945,000 83,998,700 101.7% 48.9% 45.0%
41 0.01 500 1 6,561,530 14,547,400 24,232,100 35,209,800 121.7% 66.6% 45.3%
42 0.01 500 10 7,573,070 16,713,800 27,202,000 38,435,800 120.7% 62.8% 41.3%
43 0.01 500 50 16,695,600 36,056,700 53,779,300 76,297,700 116.0% 49.2% 41.9%
44 0.01 500 150 22,642,400 45,366,200 67,082,900 97,194,700 100.4% 47.9% 44.9%
45 0.01 1000 1 10,324,000 22,105,300 35,482,200 50,284,600 114.1% 60.5% 41.7%
46 0.01 1000 10 11,335,600 24,137,000 38,715,700 53,829,400 112.9% 60.4% 39.0%
47 0.01 1000 50 20,538,900 43,750,800 64,385,400 91,356,100 113.0% 47.2% 41.9%
48 0.01 1000 150 25,893,500 52,864,100 78,224,300 111,832,000 104.2% 48.0% 43.0%
49 0.1 10 1 3,382,250 8,295,290 14,839,200 22,001,400 145.3% 78.9% 48.3%
50 0.1 10 10 4,865,910 11,102,900 18,478,100 26,137,600 128.2% 66.4% 41.5%
51 0.1 10 50 18,104,200 35,831,100 54,287,900 72,592,900 97.9% 51.5% 33.7%
52 0.1 10 150 25,418,400 48,808,700 73,641,700 98,598,600 92.0% 50.9% 33.9%
53 0.1 100 1 4,074,170 9,657,920 16,934,300 24,736,200 137.1% 75.3% 46.1%
54 0.1 100 10 5,545,000 12,594,600 20,609,100 28,874,400 127.1% 63.6% 40.1%
55 0.1 100 50 18,764,600 37,296,800 56,477,200 75,305,900 98.8% 51.4% 33.3%
56 0.1 100 150 26,192,700 50,404,400 75,920,600 101,458,000 92.4% 50.6% 33.6%
57 0.1 500 1 7,149,370 15,708,900 26,158,900 36,771,300 119.7% 66.5% 40.6%
58 0.1 500 10 8,633,030 18,509,500 29,846,400 40,942,000 114.4% 61.2% 37.2%
59 0.1 500 50 21,935,600 43,629,500 65,813,000 90,167,500 98.9% 50.8% 37.0%
60 0.1 500 150 29,279,900 56,594,000 84,987,400 113,818,000 93.3% 50.2% 33.9%
61 0.1 1000 1 10,993,400 23,280,600 37,738,400 51,708,700 111.8% 62.1% 37.0%
62 0.1 1000 10 12,464,200 26,046,300 41,698,400 56,095,600 109.0% 60.1% 34.5%
63 0.1 1000 50 25,955,100 50,922,700 77,415,500 102,469,000 96.2% 52.0% 32.4%
64 0.1 1000 150 33,156,100 64,150,800 97,085,500 128,853,000 93.5% 51.3% 32.7%
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Appendix E2. Single SKU Network Optimization Run Times
Index Failure Part Cost Part 25% 50% Volume 50% 100%
Rate Weight Volume Time Volume Volume
(Ibs) Time Time Time
1 0.0001 10 1 1020 565 5268 305
2 0.0001 10 10 1232 1232 1591 268
3 0.0001 10 50 688 430 328 395
4 0.0001 10 150 233 298 718 124
5 0.0001 100 1 1113 625 5231 352
6 0.0001 100 10 1320 1265 2844 223
7 0.0001 100 50 369 646 204 375
8 0.0001 100 150 98 325 556 296
9 0.0001 500 1 1102 571 5094 352
10 0.0001 500 10 1230 1071 3549 438
11 0.0001 500 50 431 349 210 534
12 0.0001 500 150 161 337 215 262
13 0.0001 1000 1 1147 698 5331 355
14 0.0001 1000 10 1299 219 1246 429
15 0.0001 1000 50 491 829 253 258
16 0.0001 1000 150 301 365 227 294
17 0.001 10 1 1569 3719 3188 427
18 0.001 10 10 1476 4044 1311 900
19 0.001 10 50 2403 2060 773 72
20 0.001 10 150 3139 1137 1007 48
21 0.001 100 1 1665 3510 2820 530
22 0.001 100 10 1076 0 2631 548
23 0.001 100 50 1420 1426 1122 88
24 0.001 100 150 5078 1829 867 60
25 0.001 500 1 1700 4459 2876 549
26 0.001 500 10 1531 3338 2620 369
27 0.001 500 50 1334 2924 956 309
28 0.001 500 150 1605 3616 1406 121
29 0.001 1000 1 1696 3473 3229 607
30 0.001 1000 10 1436 4718 1415 329
31 0.001 1000 50 1205 2795 1411 691
32 0.001 1000 150 3125 4925 979 249
33 0.01 10 1 669 1896 795 225
34 0.01 10 10 735 920 459 241
35 0.01 10 50 0 2254 1696 313
36 0.01 10 150 35455 559 1132 308
37 0.01 100 1 745 2044 759 247
38 0.01 100 10 615 849 533 353
39 0.01 100 50 0 3267 2318 253
40 0.01 100 150 0 1058 845 343
41 0.01 500 1 752 1948 1761 158
42 0.01 500 10 690 1382 1787 355
43 0.01 500 50 3010 0 4088 245
44 0.01 500 150 0 2536 2078 308
45 0.01 1000 1 734 1887 1306 235
46 0.01 1000 10 653 795 521 324
47 0.01 1000 50 6439 5311 5436 293
48 0.01 1000 150 5966 6253 2218 368
49 0.1 10 1 220 1910 900 330
50 0.1 10 10 281 2845 415 458
51 0.1 10 50 0 1993 1693 602
52 0.1 10 150 1596 3269 3021 656
53 0.1 100 1 237 2262 2411 336
54 0.1 100 10 249 267 490 507
55 0.1 100 50 0 785 1318 685
56 0.1 100 150 1331 910 1721 661
57 0.1 500 1 240 1826 1753 393
58 0.1 500 10 279 1033 866 429
59 0.1 500 50 0 1403 1102 217
60 0.1 500 150 2648 3106 4175 604
61 0.1 1000 1 253 2393 1248 596
62 0.1 1000 10 248 263 1372 426
63 0.1 1000 50 0 2770 1250 650
64 0.1 1000 150 4735 1541 1719 585
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Appendix E3. State Tally of Single SKU Network Optimization Scenarios
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F 190 to 256 (6)
'TE, M174 to 190 (4)
E165 to 174 (4)
qu?§A Ej156 to 165 (3)
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E 130 to 144 (5)
E111 to 130 (5)
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Appendix Fl. Network Optimization Summary
20% Volume 40% Volume 60% Volume 80% Volume
State Code State Name Capacity Usage Utilization Usage Utilization Usage Utilization Usage Utilization
AL Alabama 26130 0 0% 0 0% 0 0% 26130 100%
AR Arkansas 14750 0 0% 0 0% 0 0% 14750 100%
AZ Arizona 82472 0 0% 0 0% 0 0% 0 0%
CA California 333756 0 0% 0 0% 0 0% 0 0%
CO Colorado 37420 0 0% 0 0% 37420 100% 37420 100%
CT Connecticut 16408 0 0% 0 0% 0 0% 0 0%
DE Delaware 3700 0 0% 0 0% 0 0% 3700 100%
FL Florida 106434 0 0% 0 0% 0 0% 106434 100%
GA Georgia 146814 0 0% 0 0% 146814 100% 146814 100%
IA Iowa 11400 0 0% 0 0% 0 0% 11400 100%
ID Idaho 11704 0 0% 0 0% 0 0% 11704 100%
IL Illinois 297029 0 0% 297029 100% 297029 100% 297029 100%
IN Indiana 141934 0 0% 141934 100% 141934 100% 141934 100%
KS Kansas 9800 0 0% 0 0% 9800 100% 9800 100%
KY Kentucky 692135 555900 80% 692135 100% 692135 100% 692135 100%
LA Louisiana 13976 0 0% 0 0% 0 0% 13976 100%
MA Massachusetts 67761 0 0% 0 0% 67761 100% 67761 100%
MD Maryland 27271 0 0% 0 0% 0 0% 27271 100%
ME Maine 3045 0 0% 0 0% 3045 100% 0 0%
MI Michigan 49730 0 0% 0 0% 0 0% 49730 100%
MN Minnesota 25601 0 0% 0 0% 0 0% 25601 100%
MO Missouri 27974 0 0% 0 0% 27974 100% 27974 100%
MS Mississippi 10000 0 0% 0 0% 10000 100% 10000 100%
MT Montana 1360 0 0% 0 0% 0 0% 0 0%
NC N Carolina 58066 0 0% 0 0% 0 0% 58066 100%
ND N Dakota 1443 0 0% 0 0% 0 0% 0 0%
NE Nebraska 10000 0 0% 0 0% 10000 100% 10000 100%
NH New Hampshire 697 0 0% 0 0% 0 0% 0 0%
NJ New Jersey 55769 0 0% 0 0% 0 0% 55769 100%
NM New Mexico 17891 0 0% 0 0% 0 0% 17891 100%
NV Nevada 16000 0 0% 0 0% 0 0% 16000 100%
NY New York 128915 0 0% 0 0% 0 0% 0 0%
OH Ohio 44673 0 0% 0 0% 0 0% 0 0%
OK Oklahoma 15900 0 0% 0 0% 15900 100% 15900 100%
OR Oregon 28341 0 0% 0 0% 0 0% 28341 100%
PA Pennsylvania 47651 0 0% 0 0% 0 0% 47651 100%
SC S Carolina 15170 0 0% 0 0% 15170 100% 15170 100%
SD S Dakota 751 0 0% 0 0% 0 0% 0 0%
TN Tennessee 76100 0 0% 72002 95% 76100 100% 76100 100%
TX Texas 213205 0 0% 0 0% 212916 100% 213205 100%
UT Utah 15020 0 0% 0 0% 15020 100% 15020 100%
VA Virginia 56847 0 0% 0 0% 0 0% 56847 100%
VT Vermont 4800 0 0% 0 0% 0 0% 4800 100%
WA Washington 32891 0 0% 0 0% 0 0% 32891 100%
WI Wisconsin 24916 0 0% 0 0% 0 0% 24916 100%
WV West Virginia 3750 0 0% 0 0% 3750 100% 3750 100%
WY Wyoming 217 0 0% 0 0% 217 100% 0 0%
Solution Run Time (seconds) 335 2727 27385 86410
Total Cost $ 2,709,400 $ 7,423,790 $ 11,409,400 $ 17,074,300
Best Bound $ 2,709,400 $ 7,418,130 $ 11,409,400 $ 17,074,300
Optimality Gap 0.00% 0.08% 0.00% 0.00%
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Appendix F2. Network Optimization at 20% Volume.
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Appendix F3. Network Optimization at 40% Volume.
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